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Abstract 

DC-DC power converters are key equipment in DC distribution systems on more electric 

aircrafts. The Dual-Active-Bridge (DAB) DC-DC converter topology has been widely 

considered in such application. In this thesis, the DAB topology is studied particularly from 

the perspective of the control. 

Fundamentals of the DAB power converter are introduced, including the switching patterns, 

modulations, modelling and control. Common control methods for the DAB converters, 

including feedback control, feedforward control, transformer current control, linearization 

control and sliding mode control are also addressed in depth. The relevant advantages and 

drawbacks of each of those control methods have been analysed. In the application of the DAB 

converters in the on-board DC distribution system, multiple control objectives are often 

required. However, none of the control methods mentioned above can easily provide good 

overall performance and flexibility. 

Therefore, a Moving Discretised Control Set – Model Predictive Control (MDCS-MPC) is 

introduced. Circuit parameters, terminal voltages and operating modes of DAB are embedded 

in the prediction model. Control parameters designed for MDCS-MPC can provide good 

performance throughout the power and terminal voltage range. The proposed approach enables 

flexible multi-objective control. In this thesis three control scenarios have been investigated: 

 In the first case study, the DAB converter is required to regulate the load voltage and 

ganrantee large signal stability. A phase portrait based stability analysis approach has been 

proposed for the assessment of large signal stability. The DAB converter stability has been 

evaluated with the MDCS-MPC, the results of which have shown insights into factors that 

stabilize or destabilize the converter operation. 

 The MDCS-MPC has been extended into two-dimensional operation where the DAB 

converter is responsible for both efficiency maximization and load current regulation. The 

load current regulation demands fast dynamic while the efficiency often is only at stake in 



4  

 

the steady state. The two-dimensional MDCS-MPC brings in freedom to trade-off between 

the two control-objectives. 

 Stabilization of the DC distribution system has been incorporated as another control 

objective alongside the load current regulation with MDCS-MPC. The system impedance 

information is not required for the implementation of MDCS-MPC based stabilization 

control. Fast stabilization while maintaining reasonably good load regulation performance 

can be achieved. The proposed MDCS-MPC can inherently incorporate multi-objective 

control without the risk of losing the controllability to any of its control objectives. 

Parameters associated with MDCS-MPC have direct physical influence. Therefore, the 

design and tuning of the MDCS-MPC are more straightforward than multi-loop PI control 

structures. 
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Chapter 1 Introduction 

Climate change is one of the most pressing issues facing the world. Human greenhouse gas 

emissions have pushed global temperatures up by around 1℃ since pre-industrial times. A 

changing climate may have negative impacts in ecological, physical and health, including 

extreme weather events (such as floods, droughts, storms, and heatwaves); sea-level rise; 

altered crop growth; and disrupted water systems [1]. To mitigate climate change, United 

Nations member parties have set a target, in the Paris Agreement, of limiting average warming 

to 2℃ above pre-industrial temperatures [2]. 

CO2 emissions and the environmental impact they pose has moved to the forefront of public 

attention. As there are a variety of renewable sources available for electricity generation eg. 

solar, wind, tide and geothermal heat. The reduction of CO2 becomes one of the driving forces 

in leading electric vehicle adoption. The advert of lithium-ion batteries and electric propulsion 

technologies are igniting a revolution in transportation. Everything from cars to trucks and 

buses is going electric. Due to policy incentives and relatively low barriers to entry, the 

automotive industry has shown great enthusiasm in the electrification revolution. 

Technological advances including renewable generation, storage, distribution and utilization 

have been accumulated, especially battery technologies. Electrification attempts in other 

sectors of transportation including aviation, marine, and rail have also been set forth in recent 

decades.  

The aviation industry is one of the fastest growing sources of greenhouse gas emissions, And 

unlike cars, aviation is often excluded from national climate plans because it often operates 

across borders. According to a report in 2018 [3], commercial aviation has experienced a 32% 

increase in CO2 emission over the past five years. If expansion trends in aviation industry 

progress at the current pace, airplanes will be a significant source of pollution in the future. 
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1.1 The More Electric Aircraft (MEA) concept 

The invention of flight has been one of the most profound technologies in history. In the past 

century, it has functioned pretty much the same way. There are three revolutions in the history 

for the aviation industry. The first revolution was the use of piston engine that enabled the 

Wright brothers to launch their flight [4]. The second was the use of the jet engine, which was 

only applied to larger planes [5]. The third revolution is widely believed to be the electric 

propulsion [6].  

In some light sports and trainer aircrafts for short haul flying, all electric products have already 

been seen on the market. However, large portion of the aviation industries emissions come 

from long haul and that is where battery-powered electric planes hit the buffers. A fundamental 

problem with electric aircraft has been that a typical lithium-ion battery cell (1MJ/kg) has only 

1/40 of the energy density of jet fuel (43MJ/kg). Therefore, with a battery powered airplane, 

the mileage is considerably shorter compared to the conventionally fueled planes. In this 

respect, hydrogen is an extremely good candidate with around 130MJ/kg energy density. 

However, at the moment, opinion is split in the industry mainly due to the much higher cost 

associated with producing the hydrogen and the infrastructure required. The hydrogen is a gas 

so it has to be cryogenically chilled to get it into liquid form and that requires a massive amount 

of energy which our current renewable infrastructure is not yet set up to handle. 

However, until lithium-ion and fuel cell battery technologies improve, hybrid electric aircraft 

is the solution what will be utilized for larger capacity flights over longer distances. The current 

trend is to make the aircraft more electric rather than all electric for large planes. In the MEA, 

the utilization of hydraulic, mechanical, and pneumatic power sources are replaced by electrical 

systems [7], resulting in reductions on the overall weight, operating cost, energy losses and 

environmental impact [8]. 

One of the challenges for the development of MEA is the design of its electrical power systems 

capable of managing power in the range from few kW to MW. There are typically three types 

of generation system for the electrical power: 
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 Constant speed constant frequency (CSCF) shown in Fig. 1.1. Speed gearboxes are 

connected between the gas turbine and the electrical generator, converting the input shaft 

rotating at a wide range of speeds to an output shaft that rotates at a constant speed. 

Electrical generators can then be fed with a constant input speed shaft. 
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Generator

Constant

current

frequency
Variable 
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Mechanical Electrical
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Fig. 1.1 Constant speed constant frequency generation system 

 Variable speed constant frequency (VSCF) shown in Fig. 1.2. Electrical generators 

mounted on the turbine produce three phase alternating currents at variable frequencies 

due to the changes in revolutions per minute of the shaft. Three phase alternating currents 

are then passed to a power converter unit that converts them to a constant frequency-400 

Hz. 
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Fig. 1.2 Variable speed constant frequency generation system 

 Variable speed variable frequency (VSVF) shown in Fig. 1.3. Generators with controllable 

excitations are connected to variable-speed shafts supplied by the main turbine engines. 

Closed loop control of the excitation allows a constant amplitude of the voltage, with 

frequency in the range of 350–800 Hz [9]. 
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Fig. 1.3 Variable speed variable frequency generation system 

The above mentioned electrical power generation systems have already been applied in a 

number of civil and military aircrafts as listed in Table 1.1.  

TABLE 1.1 RECENT CIVIL AND MILITARY MEA WITH AC ELECTRICAL POWER SYSTEM [10] 

Generation type Civil aircrafts Military aircrafts 

CSCF 

B777 2*120kVA Eurofighter  

A340 4*90kVA Typhoon 

MD-12 4*120kVA  

B747-X 4*120kVA  

B717 2*40kVA  

B737NG 2*90kVA  

B767-400 2*120kVA  

VSCF (Cycloconverter) 

115VAC 
 

F-18C/D 2*40/45kVA 

F-18E/F 2*60/65kVA 

VSCF (DC link) 

115VAC 

B777 2*20kVA 
 

MD-90 2*75kVA 

VSVF 

115VAC/380-760Hz 

Horizon 2*20/25 kVA 
Boeing JSF 2*50kVA 

A380 4*150kVA 

VSVF 

230VAC 

B787 4*250kVA 
 

A350 4*100kVA 

1.2 DC power distribution system 

The main purpose of the electrical power distribution system onboard an aircraft is to distribute 

electricity to the loads on the aircraft. The challenges with new aircraft is that they now have 

multiple power sources similar to renewable micro-grids. The electrical power distribution 

system has to manage those sources and provide power to each of its loads. Technologies are 

required to help design equipment that can work at high voltages, which reduces the current 

flowing through and helps to reduce the wire gauge needed to distribute power to the loads. 

Equipment also needs to be designed for operation at lower temperatures so that the units may 
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be placed in distributed locations of the aircraft where climate control may not be able to reach. 

The most important role for the electrical power distribution system is to keep the aircraft safe 

from short circuits. Conventionally, this has been done with circuit breakers and fuses. Today, 

as technology moves forward, solid state distribution systems are used to provide better and 

safer control of the systems. 

According to MIL-STD-704F, the AC voltage standard is 115VAC (RMS) with frequency 360-

800Hz. The high AC frequency leads to high reactive power and skin effects on the power line 

which reduces the power transmitting efficiency. In this respect, with a higher DC voltage 

standard 270VDC and zero frequency, the power line can transmit energy more efficiently. 

Another reason to use DC distribution is that the avionic loads are mainly of the DC type, using 

DC distribution reduces conversion stages along the power chain, boosting the power 

transmitting efficiency again. Therefore, the DC approach leads to higher efficiency, lower 

weight and costs [9], [11], [12]. 

 Fig. 1.4 shows a typical MEA DC distribution structure which comprises a Low Voltage Direct 

Current (LVDC) network and a High Voltage Direct Current (HVDC) network. On the LVDC 

network, typically, Low Voltage (LV) emergency batteries and other energy storage elements, 

such as Electro-Mechanical Batteries (EMB), are connected to the Electrical Power Unit (EPU) 

which supplies avionics circuitry [13]. On the HVDC network, High Voltage (HV) generators 

[14], [15] provide the required voltage and power, together with HV batteries [13] and other 

electrical power units [16], which supply electric actuators, de-icing systems and other 

equipment [17]–[19]. Moreover, Starter Generator (S/G) systems [20], [21], with their 

Electrical Control Unit (ECU) are able to provide the required power to start the aircraft engines, 

and generate additional power during flight, on the HVDC or LVDC network. 

In this distribution structure, the DC-DC converters plays roles in power conversion and 

management. Some DC-DC converters are essentially solid state transformers in the system 

converting voltage level between 270V and 28V. Another functionality for DC-DC converters 

is to manage the power from/to batteries.  
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Fig. 1.4 MEA DC distribution system[22]. 

1.3 DC-DC power converters 

As shown in Fig. 1.4, bidirectional DC/DC converters are necessary equipment in the DC 

distribution system to provide active interfaces between the DC networks [23], [24] and energy 

storage elements. The DC-DC converters are required to have high power density and high 

efficiency, to be integrated in the aircraft structure with minimum impact on volume, weight 

and heat management. At the same time, they must provide reliable and flexible operation, also 

to be capable of responding to fault events or other abnormal operating conditions with 

controlled and predictable behaviour, while minimising the impact on power generation. In 

particular, the reliability of the DC-DC converter is crucial during “emergency flight” operation, 

as it will supply the essential equipment to guarantee flight safety. The converter will also need 

to operate in a stringent and harsh environment, including limited cooling capabilities; pressure 

drops, mechanical vibrations and possible EMC or lightning interference, and their operation 

should have minimum effect on the environment. In order to achieve these challenging 
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requirements, it is clear that cutting-edge technological innovations, innovative design 

approaches and extensive reliability tests will be required. As a starting point, efforts have been 

made by researchers to find or innovate suitable DC-DC topologies for MEA applications.  

Transformer isolation and solid state circuit breakers are two main approaches to prevent fault 

propagation. In the high current applications, the solid state circuit breaker needs to have 

several semiconductor switches in parallel to reduce the voltage drop and enough snubber to 

absorb the remaining energy on the power line when cutting off. These lead to increased cost 

and size/weight of the converter. In this regard, the transformer provides magnetic coupling 

between DC terminals with no electric connection. No extra devices are needed to put in series 

on the power line. The transformer also provides voltage step up/down capability. 

 A number of isolated DC/DC converter topologies have been found in existing literature. 

Flyback, Forward, and Forward-Flyback converters are investigated in [25], [26]. These 

topologies require a minimal number of active devices, however, the inefficient use of 

transformer results in their low efficiency. Resonant converters, such as isolated LLC resonant 

DC/DC converter and Series Resonant (SR) converter [27] can also be considered for this 

application. They take advantage of resonant networks in order to achieve Zero Voltage 

Switching (ZVS) or Zero Current Switching (ZCS) commutations, providing highly efficient 

power conversion. A series resonant DC/DC converter is analysed in [28], where all the 

switches can achieve both ZVS and ZCS. A hybrid between a LLC resonant and a DAB 

converter is proposed in [29], where the LLC is responsible for low power operation while the 

DAB contributes to the high power range. Tapped transformer and resonant tanks are employed 

in [30] to widen ZVS range. A fixed-frequency controlled series-resonant converter and its 

centre aligned modulation are studied in [31], which decouples the voltage gain from the 

operating power and frequency. However, additional passive components are needed in those 

converters. Moreover, converter design becomes challenging when a wide operating voltage is 

required due to large switching frequency variation.  

To cope with the stringent power quality requirement in More-Electric-Aircraft (MEA), an 

inductor can be put on the DC side before the capacitor [32] to suppress the current ripple as 

shown in Fig. 1.5. However, this poses difficulties in current commutation.  
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Fig. 1.5 The diagram of a current-fed DAB converter 

Therefore, instead of configuring the inductor in series to the LV bus, it can be placed between 

AC terminal of the LV bridge and LV source/load as shown in Fig. 1.6.  
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Fig. 1.6 The diagram of the interleaved current-fed DAB converter 

A soft-switched bidirectional half-bridge DC-DC converter is proposed in [33]. This 

configuration not only can reduce the current ripple on the LV terminal, but can also increase 

the voltage step up/down capability, making the transformer easier to design. However, 

capacitors in the half bridge circuit need to handle the current flowing through the transformer. 

This requires capacitors with large current rating, thus making the topology less attractive in 

high power applications. Additionally, two inductors can be placed between LV source/load 

and LV bridge poles, and they are interleaved at the LV terminal [22], [34], [35]. This type of 

current-fed DAB converter can provide interleaved current paths on the LV terminal, reducing 

the requirement for passive filtering. The S-DAB topology proposed in [36] also features an 

interleaved structure, which incorporates two half bridges on the LV side. Diodes are used to 

achieve zero current switching (ZCS). In this configuration, DC transformer bias can be 

naturally suppressed without applying active controls [37], [38].  

Dual-Active-Bridge (DAB) is the origin of lots of the derived topologies mentioned above. 

DAB presents a good capability for regulating the terminal voltage [39]. Reasonably high 
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efficiency can be achieved with low switching losses due to their natural capability of achieving 

ZVS commutation when the devices are turned on [40]. Understanding the characteristic of the 

DAB with sufficient depth can help with the derivation, design and assessment of other relevant 

isolated DC-DC power converters. 

1.4 Objectives and contributions 

The aim of this work is to look at the control strategy for a typical isolated DC-DC power 

converter – DAB in the on-board DC distribution system. Objectives of this work are listed as 

follows: 

 Understand the characteristics of the DAB. The DAB topology is the origin of many others. 

Sufficient depth of understanding in DAB can help with the derivation, design and 

assessment of other relevant isolated DC-DC power converters. Knowledge in the 

operation principles of DAB also underpins the design of its control algorithm. 

 Look into the converter level control strategy for the DAB. Conventional linear controllers 

are often designed based on a single equilibrium point which presents deteriorated 

performance in the global power and voltage operating ranges. Alternative control 

solutions need to be investigated to enable fast transition and stable operation of the DC-

DC power converters with additional embedded flexibility in multi-objectives control. 

 Address the stability in both converter and system levels. In the practical DC distribution 

system, DC-DC power converters may be subjected to erratic load and terminal voltages. 

Conventional small signal based converter stability analysis has limitations in the 

applicability of non-linear controllers, large converter model variations and significant 

load disruptions. Stability of the DAB converter itself and DAB enabled DC distribution 

systems need to be analysed.  

The main contributions of this work are: 

 A Moving Discretised Control Set – Model Predictive Control (MDCS-MPC) inspired 

from the well-known Finite Control Set – Model Predictive Control (FCS-MPC) is 

proposed. Circuit parameters, terminal voltages and operating modes of DAB are 
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embedded in the prediction model. Therefore, control parameters designed for MDCS-

MPC can provide good performance throughout the power and terminal voltage range. The 

proposed approach enables flexible multi-objective optimization. Compared with previous 

applications of FSC-MPC in DC-DC converters [41], [42], MDCS-MPC utilizes only two 

prediction horizons and a small number of calculating points in each switching period. The 

computational burden is relatively low so the MDCS-MPC can be implemented in 

commercial control platforms. Fixed switching frequency is also obtained which eases 

passive components design. 

 A phase portrait based stability analysis approach has been proposed for the assessment of 

large signal stability of the DAB converter. The DAB converter stability has been analysed 

with the MDCS-MPC, the results of which has shown insights into factors that stabilize or 

destabilize the converter operation. This analysis approach is also applicable for stability 

analysis with other linear and non-linear control methods. 

 The MDCS-MPC has been extended into two-dimensional operation where the DAB 

converter is responsible for both efficiency maximization and load current regulation. The 

load current regulation demands fast transition while the efficiency is only at stake in the 

steady state. The two-dimensional MDCS-MPC brings benefits in adjusting the priorities 

between the two control objectives. 

 The stability control of the DC distribution system has been incorporated as another control 

objective alongside the load current regulation. The proposed MDCS-MPC presents 

adaptive performance with uncertain grid impedance. Fast stabilization while maintaining 

reasonably good load regulation performance can be achieved. The proposed MDCS-MPC 

inherently can incorporate multi-objective control without the risk of losing the 

controllability of any of its control objectives. Parameters associated with MDCS-MPC 

have direct physical influence. Therefore, the design and tuning of the MDCS-MPC are 

more straightforward than multi-loop PI controllers. 

1.5 Thesis outline 

The thesis outline is summarized as shown in Fig. 1.7. Details of each chapter are described as 

follows: 
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Chapter 2: 

Fundamentals of DAB

Chapter 3: 

Controls of DAB
Chapter 6: DC distribution 

system stabilization

Chapter 4: Mono 

dimensional MDCS-MPC

Chapter 5: Multi 

dimensional MDCS-MPC

Chapter 7: MDCS-MPC 

based system stabilization

Literature review

MDCS-MPC and its applications

 

Fig. 1.7 Thesis outline 

Chapter 2 provides the fundamentals of the DAB power converter, including the switching 

patterns, modulations, modelling and control. Two switching patterns – the phase shifting 

pattern and the pulse modulating pattern have been introduced. Modulations are implemented 

on top of the switching pattern. Two techniques, single phase shift modulation and triple phase 

shift modulation, have been introduced and analysed in detail. The modelling of DAB is also 

addressed. The ideal small signal models of triple phase shift have been developed, based on 

which the PI controller is designed. Issues with the PI controller are observed. 

Chapter 3 gives an in-depth literature review on the control methods for the DAB converters, 

including feedback control, feedforward control, transformer current control, linearization 

control and sliding mode control. The load disturbance rejection and voltage tracking 

capabilities have been assessed. Based on the analysis, remarks on those control methods are 

given. 

The mono-dimensional MDCS-MPC which provides fast transition and large signal stability is 

presented in Chapter 4. The introduction of the mono-dimensional MDCDS-MPC begins with 

the basic operating principle. Two approaches to enhance the transition performance of MDCS-

MPC are discussed. A cost function which provides both reference racking and stability is 

derived. A compensation approach has been proposed to compensate for the steady state error. 
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The stability analysis is carried out for MDCS-MPC. The phase portrait has been used as the 

main analysis tool. For an easy start, a benchmark control is assumed where stability with 

current/resistive loads are analysed and proofed. The instability when the control saturates is 

explained. Based on all the above analysis, the stability with MDCS-MPC is addressed.  

Chapter 5 introduces a two-dimensional MDCS-MPC. The advantage of the online over the 

offline optimization has been addressed. The implementation of the online optimization with 

two-dimensional MDCS-MPC is introduced. The two dimensional discretised control set and 

the search method have been illustrated and distinguished from the mono-dimensional MDCS-

MPC. A cost function is proposed which, on one hand, regulates the load current. On the other 

hand, it reduces the transformer peak current value. The dynamic performance of the 

introduced two-dimensional MDCS-MPC has been assessed. The effectiveness of the 

transformer peak current reduction term in the cost function has been validated. 

Another scenario is investigated where the DAB converter is responsible for both load current 

regulation and DC system stabilization in Chapter 6. The impedance stability criteria has been 

developed. Based on the criteria, the system stability is determined by the impedance ratio. 

Theoretical analysis on the passive damping has been performed. Active stabilization methods 

are looked into as alternatives to passive damping approaches. Active stabilization methods are 

achieved by control algorithm without inducing physical components. The conventional PI 

based stabilization control presents a critical problem with control loop saturation which has 

been addressed. A solution named co-ordination integration with a few changes to the 

conventional PI control is proposed.  

An alternative active damping control is established based on the mono-dimensional MDCS-

MPC in Chapter 7. The cost function has been modified and incorporates a system stabilization 

term. The impedance based stability analysis has been carried out using the describing function 

for the proposed MDCS-MPC. Comparisons between the PI and MDCS-MPC based 

stabilization control techniques are presented in both time and frequency domain. Experiments 

are also conducted to verify the theoretical claims. 
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Chapter 2 The Fundamentals of the Dual-Active-Bridge 

A diagram of the Dual-Active-Bridge (DAB) converter is shown in Fig. 2.1. The transformer 

ratio is set as 1 for 270V-270V application. Two H-bridges, H1 and H2, one each side of the 

high frequency transformer, generate quasi-square wave voltages vac1 and vac2 with a 

fundamental frequency of fs. Voltages vac1 and vac2 are applied across the power transferring 

inductor Lp, producing a transformer current iac2. 
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Fig. 2.1 The diagram of the DAB converter under investigation. 

There are three states for each transformer terminal voltages vac1 and vac2 as shown in Fig. 2.2. 

The transformer primary terminal voltage vac1 can be VHV1, 0 or -VHV1 during any switching 

period Ts, while transformer secondary terminal voltage vac2 can be VHV2, 0 or -VHV2. During 

one switching cycle, active states VHV1 and -VHV1 in vac1 must have the same time period T1 to 

avoid transformer primary DC bias. Active states VHV2 and -VHV2 in vac2 must also have the time 

period T2 to avoid transformer secondary DC bias. D1 and D2 are termed as active states duties. 

D1 and D2 are defined as: 

1
1

s

T
D

T
  (2. 1) 

2
2

s

T
D

T
  (2. 2) 

where T3 is the period between the rising edges of transformer terminal voltages vac1 and vac2. 

If T1 leads T5, T3 is positive otherwise negative. Tf represents the time shift between the centres 
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of the two transformer voltages vac1 and vac2. D3 and Df are termed as phase shift duties. D3 and 

Df  are defined as: 

3
3

s

T
D

T
  (2. 3) 

f

f

s

T
D

T
  (2. 4) 

t

vac1

vac2

iac2

Ts=1/fs

T2

T1

Tf

0 Ts/2

T3

 

Fig. 2.2 Generic waveforms of the DAB. 

In this chapter, switching patterns, modulations, modelling and control for DAB are introduced. 

The switching patterns in section 2.1 describe two different ways to generate the quasi-square 

wave voltages vac1 and vac2. Modulations are responsible for the converter steady state 

optimizations. The relationships between D1, D2 and D3 are derived as optimizing outcomes. 

Prevailing modulation techniques are introduced in section 2.2. In section 2.3, analysis is 

carried out with the most straightforward and popular modulation technique on DAB named 

Single Phase Shift (SPS). The optimization with the most complex modulation technique 

named Triple Phase Shift (TPS) is addressed in section 2.4. Modelling and control are 

discussed in section 2.5. The relationship between the switching pattern, the modulation and 

the control are shown in Fig. 2.3.  
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Fig. 2.3 Relationship between the switching pattern, the modulation and the control. 

2.1 Switching patterns 

There are two basic ways to generate the quasi-square wave voltages vac1 and vac2 –pulse width 

modulating pattern Fig. 2.4(a) [43] and phase shifting pattern Fig. 2.4(b) [44]. The phase 

shifting pattern is the most used method. In the phase shifting pattern, duty cycles are fixed at 

50% for all of the switches as shown in Fig. 2.4 (b).  
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(a) pulse width modulating pattern 
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(b) phase shifting pattern 

Fig. 2.4 Two possible switching patterns for DAB converters where HS stands for hard switching and SS 

stands for soft switching. 

The pulse width modulating pattern is shown in Fig. 2.4 (a). Compared with the phase shifting 

pattern, the pulse width modulating pattern defines a fixed 180 degree phase shift between 

bridge legs within the same H bridge. Duty cycles of switches are controlled to generate the 

quasi-square wave voltages vac1 and vac2.  

Assuming that the same switching devices are used for T1-T8, and the ideal hard switching 

process is shown in Fig. 2.5. 
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Fig. 2.5 Idea switching waveforms with inductive loads 

The Switching losses can be calculated as: 

2

1
1

1

2

t

on s ds d cr s dc D on dc D
t

P f v i dt t f V I k V I    (2. 5) 

2

1
2

1

2

t

off s ds d cr s dc D off dc D
t

P f v i dt t f V I k V I    (2. 6) 

( )sw on off dc D on offP P P V I k k     (2. 7) 

Comparisons of the switching loss Psw between the two switching patterns are listed below in 

Table 2.1. One observation is that when the phase shifting pattern is used, losses are evenly 

distributed between switches in the same bridge leg. When pulse width modulating pattern is 

used, although the overall losses are the same to that of its counterpart, the switching losses are 

not evenly distributed between the switches in the same bridge leg. This phenomena in the 

pulse width modulating pattern, on one hand, would cause difficulty in choosing switching 

devices; On the other hand, if properly utilized, this phenomena potentially provides extra 

degree of freedom to implement active thermal control of the device junction temperature [45]. 

Conventionally, phase shifting pattern is often used rather than pulse width modulating pattern 

in DAB. 

TABLE 2.1 SWITCHING LOSS COMPARISON BASED ON FIG. 2.4 

 Phase shift pattern Pulse width modulating pattern 

T1 2konVHV1iL0 0 

T2 2konVHV1iL0 2VHV1 (koniL0+ koffiL2) 
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T3 2koffVHV1iL2 0 

T4 2koffVHV1iL2 2VHV1 (koniL0+ koffiL2) 

T5 2koffVHV2iL1 2koffVHV2iL1 

T6 2koffVHV2iL1 2koffVHV2iL3 

T7 2koffVHV2iL3 2koffVHV2iL1 

T8 2koffVHV2iL3 2koffVHV2iL3 

Sum 
4(konVHV1iL0+ koffVHV1iL2+  

koffVHV2iL1+ koffVHV2iL3) 

4(konVHV1iL0+ koffVHV1iL2+  

koffVHV2iL1+ koffVHV2iL3) 

2.2 Modulation techniques 

Prevailing modulation techniques for DAB converters are Single-Phase-Shift (SPS) 

modulation [46], Extended-Phase-Shift (EPS) modulation [47], Dual-Phase-Shift (DPS) 

modulation [48], Triple-Phase-Shift (TPS) modulation [49], TRiangular current Manipulation 

(TRM) modulation [50] and TrapeZoidal current Manipulation (TZM) modulation [51]. 

Conceptual waveforms of those modulation techniques are shown in Fig. 2.6.  

In the Single Phase Shift (SPS) modulation Fig. 2.6(a), D3 and Df are equal, while D1 and D2 

are fixed at 0.5. When SPS modulation is used, there is only one control variable that is Df. Df 

is therefore used to achieve the main control objective such as the regulation of power, terminal 

voltage or current. However, when the other modulation techniques, shown in Fig. 2.6(b)-(f), 

are used, more control variables can be made available. There is a maximum of four control 

variables, D1, D2, Df (or D3) and fs. The existence of an extra degree of freedom in control 

provides the possibility for optimizing the steady state operation of DAB converters for a range 

of objectives. The transformer peak current optimization for the TPS will be addressed in 

section 2.4. 
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Fig. 2.6 Conceptual waveform demonstrations on existing modulations. (a) D1=0.5, D2=0.5, D3 is controlled; 

(b) D2=0.5, D1 and D3 are controlled or D1=0.5, D2 and D3 are controlled; (c) D1=D2=D, D and D3 are 

controlled; (d) D3=0, D1 and D2 are controlled to achieve ZCS and ZVS; (e) D1, D2 and D3 are controlled to 

achieve ZCS and ZVS and (f) D1, D2 and D3 are controlled. 

Relationships between those techniques are shown in Fig. 2.7. The overlap between DPS and 

EPS is SPS. The transformer current in TRM has a triangular shape while the shape for TZM 

is trapezoidal. Therefore, there also exists an overlap between DPS and TZM, and the same 

between EPS and TRM. As illustrated in Fig. 2.6(f), TPS is the universal modulation which 

comprises all of the modulations illustrated in Fig. 2.6.  
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Fig. 2.7 Relationship between modulations 

Switching frequency can also be considered as another control variable in addition to the phase 

shift duty (D3) and active states duties (D1, D2) [52]. Four control variables D1-D3 and fs 

collectively determine the power transfer in DAB converters. However, due to the difficulty in 

the design of passive components and the complexity in the optimization, variable frequency 

modulations pose less attraction to practical engineers. Typical works on the above mentioned 

modulation techniques are classified in Table 2.2. 

TABLE 2.2 MODULATION TECHNIQUES 

Variables D3 D1         D2 fs 
Degree of 

Freedom 

SPS [53] Controlled Const. (D1=D2=0.5) Const. 1 

EPS [47] Controlled Controlled (D1 or D2) Const. 2 

DPS [48] Controlled Controlled (D1=D2) Const. 2 

TPS [54] Controlled Controlled Const. 3 

TRM [50] Controlled Calculated from D3 Const. 1 

TZM [51] Controlled Controlled Const. 3 

Variable fs [52] Controlled Const. (D1=D2=0.5) Controlled 2 

The advantage of the SPS modulation is its simplicity. Only a single control variable - the duty 

D3, is required to adjust the DAB power level. SPS is the most popular modulation technique 

in DAB[39], [46], [53], [55]. However, there are a few major drawbacks: 

 The back and forth power flowing through the inductor results in extra unnecessary 

conduction loss. This will be discussed in section 2.3.4. 
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 SPS cannot achieve ZVS across the whole power range when terminal voltages vary from 

their nominal values. Therefore, switching loss could be high in partial loads, and 

efficiency would be greatly reduced. Detailed discussions are provided in section 2.3.2. 

The disadvantages of SPS give motivation towards investigating alternatives which take 

advantages of the full bridges by not only adjusting the phase shift duty but by also changing 

the active state duties in order to reduce the circulating current and to achieve low switching 

losses. 

In EPS modulation, the cross-connected switch pairs in one full bridge are alternatively 

switched generating a 50% duty square wave pole voltage, while switch pairs in another bridge 

are operated with an inner phase-shift ratio [47]. This results in a three-level quasi-square wave 

pole voltage. During the time intervals of the zero voltage of the three-level wave, the current 

flows within the full bridge without passing through the voltage source or loads, and the 

instantaneous power is 0. So the circulating power decreases. An intuitive back and forth power 

comparison between SPS and EPS is given in Fig. 2.8. Note that the figure is drawn 

conceptually to illustrate the possibility of using EPS to reduce the reactive power in the 

inductor and transformer. Detailed explanations can be found in the literature [47]. As 

illustrated in Fig. 2.6(b), there are two degrees of freedom for the EPS, therefore, there are 

possibilities to improve the efficiency of the converter. However, the accurate loss model of 

the DAB converter is complex due to the existence of the high frequency transformer, which 

makes the optimization problem complicated. Therefore, indirect optimization objectives are 

introduced  such as the switching and conduction losses [56], the transformer Root-Mean-

Square (RMS) value [57], [58], the transformer peak current value [59] and reactive power 

[52], [54], [60]. Similar features also apply to both DPS and TPS. 

There are also some works which look into the combinations of standard modulations to 

achieve better results over the whole power range. A combination between TRM, TZM and 

SPS is proposed in [61] while model predictive control is introduced to estimate the optimal 

modulation between SPS and TRM in real time [62]. It can be concluded that TRM has 

advantages in efficiency under light load due to the fact that the transformer current is 

discontinuous and ZCS can be achieved while SPS is always used in high load power because 

it has a wider power operation range. 
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Fig. 2.8 Conceptual waveforms to show the back and forth power in (a) SPS modulation. (b) EPS modulation 

TPS modulation typically provides the best optimization results, however, the complexity of 

the TPS modulation hinders its application in practice. Therefore, in order to enhance the 

efficiency when switching losses are dominant, the TRM and TZM illustrated in Fig. 2.6 are 

typically considered. As shown in Fig. 2.6(d), TRM allows the secondary side H-bridge 

switching at zero current when both on and off. Furthermore, compared to SPS, a considerable 

reduction of the RMS current could also be achieved at partial loads [63]. Compared to the 

TRM, the TZM shown in Fig. 2.6(e) can extend the power range [64], [65].  

2.3 Analysis on Single-Phase-Shift (SPS) modulation 

The existence of the high frequency transformer makes the DAB converters very different from 

the conventional non-isolated DC-DC power converters. Characteristics such as the power 

transmission, zero voltage switching and dead-band effect are addressed in this section. In order 

to simplify the analysis, only SPS is considered, however, the same analysis methods also apply 

for DAB using other modulations, as shown in Fig. 2.6. 

2.3.1 Power transmission 

The DAB converter is extensively used to manage the power flow in applications, for energy 

storage systems, renewable sources integration and electrical vehicles. In most cases, DAB is 
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controlled in the power/current mode where both DC sides have their own independent voltage 

sources.  
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Fig. 2.9 DAB with both terminals connected to DC sources. 

For a 270V/270V power conversion, the transformer turn ratio N is set as 1. The conceptual 

waveforms for SPS under two different terminal voltage conditions are shown in Fig. 2.10. 
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Fig. 2.10 Conceptual waveforms for SPS (a) VHV1>VHV2 and (b) VHV1<VHV2. 

Only a half cycle is needed to calculate the transferred power due to the symmetry waveform, 

thus the expression of power is: 

2 2
2 2 2 2

0 0

2 2
( ) ( ) ( )

s sT T

DC ac ac HV ac

s s

P v t i t dt V i t dt
T T

    (2. 8) 

In order to calculate the power, the initial current value iL0 in Fig. 2.10 must firstly be calculated. 

(2. 9) and (2. 10) hold true regardless of the terminal voltage condition for SPS.  
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0 2L Li i   (2. 9) 

1 2 1 2
2 0 3 3(0.5 )HV HV HV HV

L L s s

p p

V V V V
i i D T D T

L L

 
     (2. 10) 

Therefore, the initial current can be calculated as: 

2 1 3 2
0

( ) 4

4

HV HV HV
L

s p

V V D V
i

f L

 
  (2. 11) 

Substituting (2. 11) into (2. 8), the transferred power is obtained: 

1 2
3 3(1 2 )HV HV

DC

s p

V V
P D D

f L
   (2. 12) 

, where D3>0 stands for the power transferred from VHV1 to VHV2, and D3<0 means the opposite. 

Maximum power can be achieved when D3=0.25.  

1 2
max

8

HV HV

s p

V V
P

f L
  (2. 13) 

Hence the relative power as a function of D3 is: 

( )

3 3

max

8 (1 2 )pu DC
SPS

P
P D D

P
    (2. 14) 

According to formula (2. 14), the transmission power characterization is shown in Fig. 2.11. 

The power increases with D3 in the range from -0.5 to 0.5. If D3 exceeds this range of operation, 

the power is going to decrease with D3. Therefore, from the PI control perspective, the 

operating range of D3 is set within [-0.5, 0.5]. From the perspective of operating efficiency, 

when D3 exceeds the operating range [-0.5, 0.5], the ratio between reactive power to active 

power increases, leading to efficiency drop. This will be discussed later in the chapter. 
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Fig. 2.11 Unified transmission power characterization of SPS. 

2.3.2 Zero Voltage Switching (ZVS) 

ZVS is a term to describe the condition when the voltage stress drops to zero before a switch 

is turned on. There would be no turn-on loss under ZVS conditions. Typically, when ZVS is 

achieved in the DAB, the switching losses would be small resulting in high power conversion 

efficiency. DAB converters can lose ZVS when terminal voltages vary from their nominal 

values. In order to appreciate this phenomena, the ZVS region is analysed in this section. The 

constraints which define the ZVS can be specified for the two H-bridges as 

0 0Li   (2. 15) 

1 0Li   (2. 16) 

, where iL0 and iL1 are calculated as: 

2 1 3 2
0

( ) 4

4

HV HV HV
L

s p

V V D V
i

f L

 
  (2. 17) 

2 1 3
1

4 1

4

HV HV
L

s p

V V D
i

f L

 


（ ）
 (2. 18) 

Therefore, ZVS constraints are derived as: 
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, where M is the voltage ratio defined as: 

2

1

HV

HV

V
M

V
  (2. 21) 

According to (2. 19) and (2. 20), the ZVS region can be plotted in Fig. 2.12. When M equals 1, 

ZVS for both H1 and H2 can always be achieved independentlt from the phase shift duty D3. 

This is why the DAB is often preferred to be operated under ideally fixed nominal terminal 

voltages. The more M deviates from 1, the smaller the ZVS region will be.  

ZVS region 

for both

Non ZVS for H2

Non ZVS for H1

 
Fig. 2.12 The ideal ZVS region of a DAB with SPS modulation. 

An intuitive way to understand Fig. 2.12 is shown in Fig. 2.13. With the increasing of load 

power, D3 also increases as per (2. 12). According to (2. 17), (2. 18) and Fig. 2.13, with the 

increasing of D3, iL0 decreases while iL1 increases. When M<1 as in Fig. 2.13 (a), iL0 is always 

smaller than zero, therefore ZVS can always be achieved for the H1 bridge. However, with the 

decreasing of D3, iL1 could be smaller than zero. ZVS cannot be guaranteed for the H2 bridge 
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within the full power range when M is not equal to 1. Similar phenomena happens when M>1 

in Fig. 2.13 (b), where the role of H1 and H2 changes. 
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Fig. 2.13 Transformer current with different outer phase shift values under the terminal voltage condition (a) 

M<1 and (b) M>1. 

Note that the ideal ZVS region is only relevant to the voltage ratio M and the phase shift duty 

D3. In practice, other parameters such as the transformer magnetising inductance and the 

snubber capacitance have also impact on the ZVS region [66]. 

2.3.3 Dead-band effect 

To avoid the shoot-through of the bridge in the commutating process, a dead-band is inserted 

between the interlocked switches in the same bridge. The dead-band is crucial to guarantee the 

reliability of the converter operations. However, the dead-band will cause waveform distortion 

and other unexpected short-timescale phenomena in SPS. 

In this section, many of the dead-band effects have been analysed in different operating 

scenarios of the DAB converter. The results are summarized in Table 2.3. td1 and td2 are the 

dead-band time for H1 and H2 bridges, respectively. It has been shown in the table that when 

the operating point is within the ZVS region shown in Fig. 2.12, the only possible dead-band 

phenomena is the ringing in the primary pole voltage vac1 while ZVS is not achieved for either 

H1 or H2, phenomena such as phase drift or ringing in the secondary pole voltage vac2 can occur.  
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TABLE 2.3 DEAD-BAND EFFECT IN DIFFERENT SCENARIOS 

ZVS M 
Current polarity change 

Phenomena 
during td1 during td2 

Yes 

M<1 
No No No effect 

Yes No vac1 ringing [67], [68] 

M>1 
Yes  No vac1 ringing (Fig. 2.14) [46], [53] 

No No No effect 

No 

M<1 
No Yes vac2 ringing [69] 

No No vac2 phase drift (Fig. 2.15) [69] 

M>1 
No Yes vac2 ringing [69] 

No No vac1 phase drift [69] 

The typical waveforms for operation under M>1 are shown in Fig. 2.14 where the transformer 

current changes its direction within the dead-band time for bridge H1. The primary pole voltage 

vac1 changes its polarity during the dead-band time causing voltage ringing in the practice where 

parasitic components are included in the circuit. When compared with the ideal case without 

dead-band time, the transformer current reduces, indicating that less power is transferred. 

Another example showing the phase drift phenomena is shown in Fig. 2.15. The outer phase 

shift is increased by td2 due to the dead-band effect.  

ZVS region

Non ZVS for H2

Non ZVS for H1

Operating point

 

td1

Without 

Dead-band

With

Dead-band

vac1
vac2

iac2

vac1

vac2

iac2

td1 td1  

(a) (b) 

Fig. 2.14 Voltage ringing example with (a) the operation point in M>1 ZVS region and its corresponding (b) 

waveforms comparing phenomena with/without dead-band. 
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ZVS region

Non ZVS for H2

Non ZVS for H1

Operating point

 

Without 

Dead-band

With

Dead-band

vac1
vac2

iac2

vac1

vac2

iac2

td2 td2 td2

D3Ts

td2+D3Ts

 

(a) (b) 

Fig. 2.15 Phase drift example with (a) the operation point M<1 in ZVS region and its corresponding (b) 

waveforms comparing phenomena with/without dead-band. 

The changes of polarity in the pole voltages are caused by the change of transformer current 

direction during the dead-band time. The ringing in the pole voltage could potentially cause 

increased energy loss and electromagnetic interference (EMI) problems [53]. Apart from these 

issues, both phenomena could cause an error in power transfer with respect to the calculation 

in (2. 12). This indicates the fact that when power is zero, the phase shift duty D3 is not 

necessarily zero. When PI control is implemented, this error can be easily compensated, 

however, D3 should be allowed to change its polarity even in unidirectional applications. 

2.3.4 Considerations for the choice of Lp  

The inductor Lp in the circuit shown in Fig. 2.1 is utilized to transfer power between two H 

bridges on each side of transformer. Inductance Lp is often designed to match the maximum 

power Pmax calculated in (2. 13) to the required power Pr. 

1 2

8

HV HV
p

s r

V V
L

f P
  (2. 22) 

However, the value of Lp calculated by (2. 22) requires the phase shift duty D3 to be 0.25 at full 

power. This design approach considers only the power transferring capability and does not 

consider reactive power consumption or take the soft switching region into account. In this 

section, design considerations for Lp are addressed. 
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2.3.4.1 Reactive power 

Reactive power is a parameter of interest to investigate in a DAB converter. By reducing 

reactive power in the high frequency transformer stage, RMS value of the transformer current 

could be minimised at partial power. As a result, this reduces conduction and copper losses. 

Different definitions of the reactive power for DAB are found in [48], [60], [70]. H. Bai et al. 

defined reactive power as back and forth power, as shown in Fig. 2.8 [48]. If no negative power 

flow exists, the converter has zero reactive power consumption. However, this is inaccurate 

since a DAB always has reactive power due to the existence of the power transferring 

inductance Lp. Another definition is given by the authors of [70] as a product of the inductor 

voltage RMS value and current RMS value to represent the reactive power for non-sinusoidal 

voltage and current. B. Zhao et al. [60] adopted Fourier transformation to calculate reactive 

power in each frequency the same way as how reactive power is calculated in a conventional 

AC power system. This last definition is used in this section where the Fourier transformation 

of the transformer pole voltages are: 

1
1 1

4 1
( ) sin(2 1)

2 1

HV
ac n

V
v t n t

n







 


  (2. 23) 

2
2 31
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 
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


  


  

(2. 24) 

Note n is not the order of the harmonic but 2n-1. Therefore, the phasor current of the 

transformer can be calculated as: 

(2 1) (2 1)
(2 1) 1 2

2
(2 1)

n n
n ac ac

ac

p

v v
i

j n L

 
 



 (2. 25) 

, where 

(2 1) 1
1

4
0

(2 1)
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ac
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  


 (2. 26) 

(2 1) 2 3
2

4 2
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n HV
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V D
v
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



 
 

 
 (2. 27) 

Therefore, the (2n-1)th order reactive power is calculated as: 
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2 2
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The apparent power from square wave source vac1 is calculated as: 

2

3(2 1) (2 1) (2 1) 21
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(2 1) (2 1)

n n n HV
ac ac

p

M M D V
S v i

n L n



 

  
 

 
 

 (2. 29) 

Therefore, the ratio between the reactive power and the apparent power is: 
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
 (2. 30) 

 

rQ=0.80.60.40.2

 
Fig. 2.16 Overlapping of the ZVS region and the contour plot of reactive power ratio rQ. 

As indicated in (2. 30), the ratio rQ reflects the relative reactive power consumption of the 

power transfer inductor Lp. It depends only on the voltage ratio M and the phase shift duty D3. 

The contour plot of the rQ overlaps with the ZVS region shown in Fig. 2.16. Under the same 

value of M, larger D3 induces larger reactive power ratio. It is worth emphasizing that both the 

ZVS region and the reactive ratio relate to only D3 and M. This conclusion will be used in the 

section 2.3.4.2 to aid the design of inductor Lp  
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2.3.4.2 Load characteristic 

When the DAB is connected with a resistive load as in Fig. 2.17, the load current is dependent 

on the load terminal voltage and resistor RL. 

+

-

+

-

V
H

V
1

T1 T3

T4T2

+

-vac1

Lp

1:1

+
-vac2

iac2

T5

T6 T8

T7

iHV2

CHV1

CHV2

Iload

ic

V
H

V
2

iHV1

Rp

H1 H2  
Fig. 2.17 The diagram of the DAB converter under investigation. 

According to (2. 12), the bridge current iHV2 can be calculated as: 

1
2 3 3(1 2 )HV

HV

s p

V
i D D

f L
   (2. 31) 

Substituting (2. 31) into (2. 21): 

2 2
3 3

1 1

(1 2 )HV HV L

HV HV

V i R
M kD D

V V
     (2. 32) 

, where fs is the fixed switching frequency, k relates to load resistance RL and inductance Lp as 

shown in (2. 33). The value of Lp is inversely correlated to the power, hence, when designing 

the value of Lp, full load power is assumed. Under such an assumption, k only relates to Lp. 

L

s p

R
k

f L
  (2. 33) 

Plot equations (2. 19), (2. 20), (2. 30) and (2. 32) together in Fig. 2.18. In the figure, assume 

the terminal voltage ratio is 1.11 in the steady state. The intersection of the load characteristic 

and the fixed voltage ratio lines are the operating point at full power. When k is increased from 

12.15 to 14.58, the full power operating point moves from A to B. As illustrated in the figure, 

the operation at point A presents larger reactive power ratio than point B. However, point B is 
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closer to the ZVS boundary compared to point A. At the intersected point between the 

horizontal voltage ratio line M=1.11 and the ZVS boundary, with a larger vale of k, the power 

is larger. This means that with a larger value of k, the power threshold to achieve ZVS gets 

higher. It can be concluded that a larger k can reduce the consumption of reactive power, but it 

also makes the ZVS region smaller. The reactive power relates to conduction losses while the 

ZVS region relates to switching losses. Therefore, a compromise should be made between ZVS 

region and reactive power when designing Lp.  

rQ=0.8

rQ=0.63

k=12.15

k=14.58

M=1.11AB

ZVS boundary

ZVS boundary

 
Fig. 2.18 Implications of k to the ZVS region and reactive power ratio rQ. 

For example, assuming the switching frequency fs is selected as 20kHz, and the power rating 

is 1kW. Assume also that the nominal input voltage VHV1 is 270V and the output voltage VHV2 

is 170V-300V. Therefore, M varies from 0.62-1.11. A predefined maximum reactive power 

ratio value rQ is set to 0.8, then k is equal to 12.15 at full load. Lp can then be calculated from 

(2. 33) as 300μH. According to (2. 13), the maximum power Pmax is now 1.5kW. 
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2.3.5 Capacitive filtering 

The DC capacitors on both DC terminals are responsible for absorbing the AC component of 

the rectified currents iHV1 and iHV2. An illustration is shown in Fig. 2.19 where VHV1 equals VHV2, 

the current ic flows into the output capacitor causing voltage variations ΔVHV2. 

iHV2

Iload

t

iL_init

Ts

t

ic
t0

t

ΔVHV2

ΔVHV2_pk

= iHV2 - Iload

 
Fig. 2.19 Illustration on the DC terminal currents and voltage 

The principle to design the capacitance to ensure 1% terminal voltage variation to its nominal 

value. The detailed design process of the capacitance can be found in literature [53]. It will not 

be repeated here. According to [53], the formular for calculating the capacitance is given as 

follows: 

2 2

3 3 3

2 2 2 2 2

3 3 3 3

[2 (1 2 ) 2(1 8 ) ]

32 [4 (1 2 ) 4 (1 2 ) ]

L s p

HV

s p p L s p L

D D R D f L
C

f L r D D R f L D D R
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

  
 (2. 34) 

Assuming fs=20kHz, Lp=300uH, rp=0.01, RL=72.5ohm, and D3= 0.1, according to (2. 34), the 

output capacitance for filtering purpose is 92uF. The output capacitor is ofter made by the 

combination of paralleled film and ceramic capacitors. However, the pratical capacitance could 

be larger than 92uF for the dynamic performace purpose. 
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2.4 Triple-Phase-Shift (TPS) modulation optimization 

Triple Phase Shift (TPS) is the universal modulation which comprises of all the modulation 

techniques illustrated in Fig. 2.6. In the constant switching frequency category, TPS is 

recognized as the most effective approach to maximize the efficiency of a DAB converter [54], 

[58]. The offline optimization of TPS modulation is presented in this section.  

2.4.1 Operating modes 

In TPS modulation, D1, D2 and D3 are regarded as three independent control variables. TPS 

can be further divided into twelve different operating modes depending on the expressions for 

power and the constraints on D1, D2 and D3. All of the operating modes are listed in Table 2.4 

with illustrative transformer terminal voltage and current waveforms. The expression for power 

is calculated using the same method as in section 2.3.1 (2. 8). The power is unified at Pmax as 

defined in (2. 13): 

TABLE 2.4 OPERATING MODES FOR TPS MODULATION OF A DAB 

Mode Mode 1 Mode 1’ 

W
av

ef
o

rm
s 

vac1

vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 

vac1
vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 
t0=0, t1=D3Ts, t2=(D2+D3)Ts, t3=D1Ts, t4=0.5Ts 

Mode 

constraints 
D1≥D2, D1-D2≥D3≥0 

Power Ppu=8(D2
2-D1D2+2D2D3) Ppu=-8(D2

2-D1D2+2D2D3) 
Range 0.5pu < Ppu < 0.5pu 0.5pu < Ppu < 0.5pu 

Mode Mode 2 Mode 2’ 

W
av

ef
o

rm
s 

vac1

vac2
D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5t6 t7

iac1

 

vac1

vac2D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5t6 t7

iac1
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t0=0, t1=D1Ts, t2=(D2+D3-0.5)Ts, t3=D3Ts, t4=0.5Ts 
Mode 

constraints 
D2≥D1, 0.5≥D3≥(0.5+D1-D2) 

Power Ppu=8(D1
2-D1D2+D1-2D2D3) Ppu=-8(D1

2-D1D2+D1-2D2D3) 
Range 0.5pu < Ppu < 0.5pu 0.5pu < Ppu < 0.5pu 

Mode Mode 3 Mode 3’ 

W
av

ef
o

rm
s 

vac1

vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5t6 t7

iac1

 
vac1

vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5t6 t7

iac1

 
t0=0, t1=D1Ts, t2=D3Ts, t3=( D2+ D3)Ts, t4=0.5Ts 

Mode 

constraints 
0.5-D1≥D2, 1-D2≥D3≥D1 

Power Ppu=8D1D2 Ppu=-8D1D2 
Range 0pu < Ppu < 0.5pu -0.5pu < Ppu < 0pu 
Mode Mode 4 Mode 4’ 

W
av

ef
o

rm
s 

vac1

vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 

vac1

vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 
t0=0, t1=(D2+D3-0.5)Ts, t2= D1Ts, t3=D3Ts, t4=0.5Ts 

Mode 

constraints 
0.5≥D2≥D1, (0.5+D1-D3)≥D2≥0.5-D3 

Power 
Ppu=2(-4D2

2-4D3
2
+4D2+4D3-

8D2D3+4D1D2-1) 

Ppu=-2(-4D2
2-4D3

2
+4D2+4D3-

8D2D3+4D1D2-1) 
Range 0pu < Ppu < 0.67pu -0.67pu < Ppu < 0pu 
Mode Mode 5 Mode 5’ 

W
av

ef
o

rm
s 

vac1
vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 

vac1
vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 
t0=0, t1=D3Ts, t2= D1Ts, t3=(D2+D3)Ts, t4=0.5Ts 

Mode 

constraints 
D1≥D3≥0, (0.5-D3)≥D2≥D1-D3 

Power Ppu=8(-D1
2-D3

2+D1D2+2D1D3) Ppu=-8(-D1
2-D3

2+D1D2+2D1D3) 
Range 0pu < Ppu < 0.667pu -0.667pu < Ppu < 0pu 
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Mode Mode 6 Mode 6’ 

W
av

ef
o

rm
s 

vac1
vac2

D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 

vac1
vac2D3Ts

D1Ts

Ts

D2Ts

t0 t1 t2 t3 t4 t5 t6 t7

iac1

 
t0=0, t1=(D2+D3-0.5)Ts, t2=D3Ts, t3=D1Ts, t4=0.5Ts 

Mode 

constraints 
D1≥0.5-D2, D1≥D3≥(0.5-D2) 

Power 
Ppu=2(-4D1

2-4D2
2-8D3

2+8D3-

8D2D3+4D1D2+8D1D3+4D2-1) 

Ppu=-2(-4D1
2-4D2

2-8D3
2+8D3-

8D2D3+4D1D2+8D1D3+4D2-1) 
Range 0pu < Ppu < 1pu -1pu < Ppu < 0pu 

The same method as in (2. 9) and (2. 11) is used to calculate the transformer current at the 

switching instance. The results are listed in Table 2.5 where the current is unified at 1/(4fsLp). 

TABLE 2.5 TRANSFORMER CURRENT AT SWITCHING INSTANCE UNIFIED AT 1/(4FSLP) 

Mode iac1(t0) iac1(t1) 

1 2NVHV2D2-2VHV1D1 -2VHV1D1+4VHV1D3+2NVHV2D2 

1’ -2NVHV2D2-2VHV1D1 -2VHV1D1+4VHV1D3-2NVHV2D2 

2 2NVHV2-2VHV1D1-2NVHV2D2-4NVHV2D3 
2VHV1D1+4NVHV2D1-

2NVHV2D2+2NVHV2-4NVHV2D3 

2’ 2NVHV2D2+4NVHV2D3-2VHV1D1-2NVHV2 
2VHV1D1-4NVHV2D1+2NVHV2D2-

2NVHV2+4NVHV2D3 

3 -2VHV1D1+2NVHV2D2 2VHV1D1+2NVHV2D2 

3’ -2VHV1D1-2NVHV2D2 2VHV1D1-2NVHV2D2 

4 2NVHV2-2VHV1D1-2NVHV2D2-4NVHV2D3 
-2VHV1D1-

2VHV1+4VHV1D2+2NVHV2D2+4VHV1D3 

4’ 2NVHV2D2+4NVHV2D3-2VHV1D1-2NVHV2 
-2VHV1D1-2VHV1+4VHV1D2-

2NVHV2D2+4VHV1D3 

5 -2VHV1D1+2NVHV2D2 -2VHV1D1+4VHV1D3+2NVHV2D2 

5’ -2VHV1D1-2NVHV2D2 -2VHV1D1+4VHV1D3-2NVHV2D2 

6 
-2VHV1D1-2NVHV2D2-

4NVHV2D3+2NVHV2 

4VHV1D2-

2VHV1D1+4VHV1D3+2NVHV2D2-2VHV1 

6’ 2NVHV2D2-2VHV1D1+4NVHV2D3-2NVHV2 
4VHV1D2-2VHV1D1+4VHV1D3-

2NVHV2D2-2VHV1 

Mode iac1(t2) iac1(t3) 

1 4VHV1D2-2VHV1D1+4VHV1D3-2NVHV2D2 2VHV1D1-2NVHV2D2 

1’ 4VHV1D2-2VHV1D1+4VHV1D3+2NVHV2D2 2VHV1D1+2NVHV2D2 

2 2VHV1D1+2NVHV2D2 2VHV1D1+2NVHV2D2 

2’ 2VHV1D1-2NVHV2D2 2VHV1D1-2NVHV2D2 

3 2VHV1D1+2NVHV2D2 2VHV1D1-2NVHV2D2 

3’ 2VHV1D1-2NVHV2D2 2VHV1D1+2NVHV2D2 
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4 2VHV1D1+2NVHV2D2 2VHV1D1+2NVHV2D2 

4’ 2VHV1D1-2NVHV2D2 2VHV1D1-2NVHV2D2 

5 
2VHV1D1-

4NVHV2D1+2NVHV2D2+4NVHV2D3 
2VHV1D1-2NVHV2D2 

5’ 
2VHV1D1+4NVHV2D1-2NVHV2D2-

4NVHV2D3 
2VHV1D1+2NVHV2D2 

6 -2VHV1D1+4VHV1D3+2NVHV2D2 
2VHV1D1-

4NVHV2D1+2NVHV2D2+4NVHV2D3 

6’ -2VHV1D1+4VHV1D3-2NVHV2D2 
2VHV1D1+4NVHV2D1-2NVHV2D2-

4NVHV2D3 

2.4.2 Current stress minimization 

In a DAB converter with a high switching frequency, considerable losses are produced on the 

high frequency transformer. Accurate mathematical models to describe the core losses and 

copper losses of a high frequency transformer can be complicated. Therefore, direct 

optimization on the operating efficiency is difficult [47]. Indirect metrics are often chosen as 

the optimization objectives such as transformer current stress [71], ZVS region [56], 

transformer current Root-Mean-Square (RMS) value [51], [57] and reactive power [48], [60]. 

Among those objectives, optimization on transformer current stress can result in analytical 

expressions while many of others require large look-up tables. 

In this section, minimization on transformer current stress for a DAB converter modulated with 

TPS has been introduced as in (2. 35). Twelve operating modes for TPS listed in Table 2.4 are 

considered. The current stress value can be obtained from Table 2.5. The minimization results 

are shown in Table 2.6. Phase shift duties D1, D2 and D3 are in linear relationships with Df. Df 

is typically generated from the controllers. Those linear relationships are only relavent to the 

terminal voltage ratio and are independent from the circuit parameters. 

2_ 2 [ ( )]ac peak acMinimize i Max i t  (2. 35) 

1 2 3

. .

0 0.5 & 0 0.5 & 0 0.5

s t

D D D     
 (2. 36) 

With the optimized TPS, the number of independent control variables is reduced from three to 

one (Df). With the information of values Df and M, Table 2.6 can be used to produce control 

variables D1, D2 and D3.  
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TABLE 2.6 OPTIMIZATION TABLE 

Gain Df range Relationships Mode 
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f f f
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    
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The optimized TPS modulation indirectly improves the efficiency by minimizing the current 

stress value especially under partial load when the terminal voltages of the DAB vary from 

their nominal values [54], [58]. This is the major benefit of using the TPS modulation compared 

to SPS modulation.  

Simulations have been carried out in order to validate the effectiveness of the optimized TPS 

modulation. Circuit parameters in Table 2.9 are used, and results are shown in Fig. 2.20 for a 

comparison of the transformer peak current between SPS modulation and TPS modulation. 
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Fig. 2.20 Transformer peak current comparison between SPS and TPS  

When comparing Fig. 2.20(a) and (b), it can be seen that with the increasing deviation of the 

terminal voltage ratio from unity, the reduction of transformer peak current is more significant 

with TPS modulation. The reduction of the transformer peak current results in improvement of 

the operating efficiency. The efficiency measurements with practical lab protoype are given in 

Fig. 2.35 from Section 2.7.2. 
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2.5 Modelling 

Mathematic models are fundamental to control design. Conventionally, when linear controls 

are used, small signal models are required to aid the controller design. In this section, the 

average model and small signal model of the DAB topology modulated with TPS are described. 

The DAB load voltage PI control design is also presented. 

2.5.1 Average model 

The switching average modelling technique has been widely used for power electronics 

modelling and analysis [72]. The switching average models of the DAB have also been 

investigated by researchers. Modelling methods such as reduced order model [39], [73], 

improved reduced order model [74], generalized average models [75] and discrete time model 

[76] have been proposed. Among those methods, the reduced order model presents the best 

compromise between complexity and accuracy [39], [73]. Therefore, in this section, the 

reduced order model is used. The reduced order model of the DAB is shown in Fig. 2.21.  
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Fig. 2.21 The reduced order model of the DAB. 

The secondary transformer current iac2 is rectified by H2 to current iHV2 as shown in Fig. 2.17. 

The value of iHV2 at each switching instance can be also obtained from Table 2.5. The controlled 

current <iHV2>Ts is the switching average value of iHV2. It can be calculated as shown in equation 

(2. 37).  

2 2

0

1 sT

HV Ts HV

s

i i dt
T

     
(2. 37) 
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Substituting values from Table 2.5 and Table 2.6 into equation (2. 37), the controlled current 

for each mode can be derived as shown in Table 2.7, where the currents are unified at: 

* 1

8

HV
c

s p

V
I

f L
  (2. 38) 

The differential equation of the output voltage can be developed from Fig. 2.21: 

2 2 2

2 2

HV Ts HV Ts HV Ts

HV L HV

d V i V

dt C R C

     
   (2. 39) 

 

TABLE 2.7 THE CONTROLLED CURRENT IN THE REDUCED ORDER MODEL 
Mode <iHV2>Ts 

I 

232

1

fMD

M  

II 
2 2 2 2

2

8( 1) 4(2 1) ( 1)f fM D M M D M

M

      
 

III 

232

1

fD

M   

IV 
2 2 2 216( 2 2) 8( 2 2) ( 1)f fM M D M M D M         

2.5.2 Ideal small signal model 

The small signal model is derived by superimposing small perturbations about an equilibrium 

point. The control to output transfer functions for a TPS modulated DAB converter are shown 

in Table 2.8 , where the notation with a bar X̅ denotes the equilibrium points.  

TABLE 2.8 CONTROL TO OUTPUT TRANSFER FUNCTION 
Mode GTPS(s) = VHV2(s)/Df(s) 

I 
1

_ 2 2
2

2

8 (1 )
( )

(1 ) 4 ( 1)

f HV V L V

TPS I

HV s p L V L f s p V V

D V r R r
G s

C f L R r s R D f L r r


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    
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2 2
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_ 3 2 3
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2 (4 4 2 1)
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4 8 2 4 4

L HV V f V f V V

TPS II
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R V r D r D r r
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   
 

     
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1

_ 2
2 2
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8 ( 1)
(s)
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f HV L V
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D V R r
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


   
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IV 

2

1

_ 2 2

2

4 (4 1)( 2 2)
(s)

4 4 16 8 8 16

L HV f V V

TPS IV

HV s p L s p L L V f L f L f V L f V L
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C f L R s f L R R r D R D R D r R D r R

   


      

 

In order to verify the accuracy of model GTPS(s) listed in Table 2.8, comparisons between the 

model and the AC swept transfer functions GTPS(s) based on the ideal reduced order model 

shown in Fig. 2.21 are carried out. Simulations have been conducted using the software PLECS 

Block Set 3.6.1 built in MATLAB SIMULINK 2017a. The circuit and controller parameters 

are as shown in Table 2.9, unless otherwise specified. 

The AC sweeping diagram with the ideal reduced order model is shown in Fig. 2.22. Small 

sinusoidal perturbations are injected and superimposed on the steady state value of 𝐷𝑓 . 

Correspondent frequency components of the output voltage are measured. The control to output 

transfer function can be then calculated based on the simulated data.  

VHV2

VHV1

2

1

H V

H V

V
M

V


Table 2.7
Df

M

D1

D2+
+

Reduced order 

model in

Fig. 2.20

Df

DFT
VHV2

ADC
D3

 
Fig. 2.22 Transfer function AC sweeping diagram with the average model. 

The results are shown in Fig. 2.23. The mathematical model agrees quite well with the AC 

swept ideal model. This confirms the accuracy of the mathematical model in Table 2.8. It is 

worth mentioning that the ideal model is a first order system. Ideally, the phase should be 

always negative 90 degrees. However, as shown in the figure, the phase is larger than negative 

90 degrees in low frequency due to the impact from RL. The phase is smaller than negative 90 

degrees in high frequency due to the digital sampling delay reflected as e-s/2fs in multiplication 

to transfer functions from Table 2.8. 
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(a) 260V/300V 10W Mode III (b) 180V/300V 1kW Mode IV 

Fig. 2.23 Comparison between the AC swept ideal model and the mathematical model in Table 2.8. 

2.5.3 Practical switching model 

The reduced order model shown in Fig. 2.21 has neglected the dynamic and losses in the high 

frequency transformer stage. In order to identify the impact of the high frequency transformer, 

this sub-section compares the AC sweeping transfer functions GTPS(s) between the switching 

model shown in Fig. 2.17 and the ideal reduced order model shown in Fig. 2.21 are conducted.  

The AC sweeping diagram for the switching model are depicted in Fig. 2.24. The inclusion of 

the body capacitors of the switching devices will drastically increase the computation burden 

for the simulation software which makes the parallel computing in MATLAB slow to run. The 

accurate modelling of the core and skin effect are also quite complicated. For simplicity, in the 

switching model, only dead time td and DC transformer primary parasitic resistance Rp are 

implemented. The body capacitors affect only microscopic transition. Core and winding 

models only have implications in the overall loss, the switching model shown in Fig. 2.17 is 

considered reasonable. The circuit parameters shown in Table 2.9 are used for these simulations. 
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Fig. 2.24 Transfer function AC sweeping diagram for the switching model. 

At this point, the first comparison is carried out under the equilibrium condition where the input 

voltage is 260V, load voltage reference is set as 300V and power is 1kW. The TPS works in 

mode IV in both switching and ideal models. The results are given in Fig. 2.25 (a). The 

amplitude curves show a good match between the two models when the equilibrium power 

point decreases down to 10W. Due to the losses of the converter, the switching model works 

in mode IV while the ideal model works in mode III. The comparison between two models 

under the condition where the input voltage is 260V, load voltage reference is 300V and power 

is 10W is provided in Fig. 2.25 (b). There is a significant mismatch in the amplitude curves 

due to operation in different modes. The switching model and ideal model show good 

agreement with the equilibrium points where the input voltage is 180V, load voltage reference 

is 300V and the power is 10W and 1kW in Fig. 2.25 (c) and Fig. 2.25 (d), respectively. 

Max difference

0.2 dB

Max difference

0.2 deg

 

Max difference

10 dB

Max difference

1.5 deg

 
(a) 260V/300V 1kW (b) 260V/300V 10W 
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(c) 180V/300V 1kW (d) 180V/300V 10W 

Fig. 2.25 Comparisons on the transfer function between the ideal model and the switching model under 

different equilibrium points. 

Fig. 2.25  is rearranged and shown in Fig. 2.26. On the observation of both figures in Fig. 2.26, 

terminal voltages and power are two factors that have influence over the small signal model of 

TPS. Power has impact on the phase in the low frequency range while the terminal voltages do 

not. The terminal voltages and power both have impact on the magnitude of the small signal 

model GTPS(s). These influences render a single set of PI parameters working in a wide voltage 

and power range with good performance, which is going to be addressed in the next sub-section. 

  
(a) Ideal model (b) Switching model 

Fig. 2.26 Transfer function comapirson under differnet power and terminal voltages 
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2.6 PI controller design 

With the above developed transfer function, a PI based voltage controller is used as a 

comparison benchmark to the control method proposed in the next chapter. The transfer 

function GTPS(s) varies under different operating terminal voltages and load power. Moreover, 

due to the co-existence of four operating modes, the PI controller parameter design becomes 

challenging. PI parameters Kp and Ki are defined in equation (2. 40). 

( ) i
v p

K
G s K

s
   

(2. 40) 

The PI control diagram for the TPS is shown in Fig. 2.27. Sampling of the output voltage VHV2 

is required.  

VHV2_ref

VHV2

M=VHV2/VHV1VHV1

Table 2.6

Df

M

+
-

D3

D2

D1

Generate 

PWM

g1 -g8Gv(s)

Control Modulation

0

0.25

 
Fig. 2.27 The control and TPS modulation diagram. 

The control block diagram considering the sampling and digital control delays [77] is shown 

in Fig. 2.28. 

VHV2_ref VHV2
+

-
Gv(s) GTPS(s)
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Fig. 2.28 The control block diagram using the PI controller considering delays. 

The expressions for Gd(s) and GZOH(s) are presented as: 

/( ) ss f

dG s e  
(2. 41) 
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(2. 42) 

, where A is a constant to balance the gain. The Zero Order Hold (ZOH) in frequency domain 

is thus written as: 
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sin sin
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(2. 43) 

When ω=0, it is easy to find out that A should be equals to 1/fs. For a first order capacitive 

system such as the one shown in Fig. 2.21, ideally, the controller can be designed with high 

bandwidth without the worry for the stability issue. However, in practice, two things have to 

be taken into account. The mathematical models in Table 2.8 should take also e-s/fs and e-0.5s/fs 

into account for digital control and sampling delays, thus causing phase degradation in the high 

frequency range as shown in Fig. 2.23. Another consideration is the analogue to digital 

sampling noise. Because the sampling noise is blended into the feedback variables and it cannot 

be rejected by the control loops. If the control bandwidth is set high, the load voltage and 

transformer current could end up dithering due to the sampling noise in VHV2.  

The loop transfer function Go(s) is defined in equation (2. 44) and plotted in Fig. 2.26 with 

different equilibrium points. 

( ) ( ) ( ) ( ) ( )o v TPS d ZOHG s G s G s G s G s  (2. 44) 

Note that the PI control parameters are designed to achieve a crossover frequency of 610Hz 

under the equilibrium ponint: VHV1=260V/VHV2=300V P=1kW. The change of power and 

terminal voltages affects the small signal model GTPS(s). With fixed PI control parameters, Go(s) 

will also be affected. As a consequence, the crossover frequencies are 610Hz, 332Hz, 327Hz 

and 184Hz for equilibrium points VHV1=260V/VHV2=300V P=1kW, VHV1=260V/VHV2=300V 

P=10W, VHV1=180V/VHV2=300V P=1kW and VHV1=180V/VHV2=300V P=10W, respectively. 

Therefore, the dynamic performance cannot be retained with one set of PI parameters. 
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(a) 260V/300V 1kW (b) 260V/300V 10W 

  
(c) 180V/300V 1kW (d) 180V/300V 10W 

Fig. 2.29 Plots of Go(s) for different equilibrium points. Control parameters are set as Kp=0.05, Ki=89.6. 

2.7 Practical results 

The optimized TPS modulation and the PI voltage controller has been implemented on a 1kW 

20kHz laboratory prototype. Bench power supply EA-PS 9360-40 3U is connected directly to 

the primary side of the DAB converter providing a stiff input voltage VHV1. The DAB converter 

is required to regulate the secondary terminal voltage VHV2 to the reference value VHV2_ref. The 

experiment prototype is shown in Fig. 2.30 and Fig. 2.31. A TMS320F2837xD evaluation 

board from Texas Instruments has been used as the digital control platform and communicates 

with a host computer. IGBT device SKM75GB128D is used for the full bridge switches with 

a 1.6us programmable software dead time. Two 380uF 400V polypropylene capacitors from 

KEMET are utilized for each DC terminal. The integrated transformer and inductor (Lp=300uH) 
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are made using MnZn ferrites with 3.9mm2 litzs wire. The magnetizing inductance is Lm=3mH. 

The main components used in the prototype are summarized in Table 2.10. 
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Fig. 2.30 The schematic of the prototype 
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Fig. 2.31 The experiment prototype converter. 

 

TABLE 2.9 CIRCUIT & CONTROL PARAMETERS 
Description Value Units 

Switching frequency fs 20 kHz 

Dead time td 1.6 µS 

Transformer turn ratio 20:20 / 

Power inductor Lp 283 µH 

Parasitic resistance Rp 50 mΩ 

DC capacitor CHV1 CHV2
 384 µF 

Rated/Max power 1 / 1.5 kW 

Proportional coefficient Kp 0.01 / 

Integral coefficient Ki 3.57 / 
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TABLE 2.10 HARDWARE COMPONENTS 

Component Description Parameters 

Switching devices SKM75GB128D 
VCES=1200V; 

Ic=100A 

Pri/Sec capacitors 
C4DEFPQ6380A8TK, 

Polypropylene 
380uF; 400V 

Magnetic components MnZn Ferrites; 3.9mm2 litz wire Lm=3mH; Lp=0.3mH 

Voltage sensors LV 25-P tr=40us 

Current sensors LA 55-p BW(-1dB) 200kHz 

2.7.1 Transient and steady state results 

The experiment results with load variations are shown in Fig. 2.32. The input voltage is set to 

300V and 260V in Fig. 2.32(a) and Fig. 2.32(b), respectively. The output voltage reference is 

set to 300V. The load power transits between 1kW and 210W at a frequency of 20Hz. In Fig. 

2.32(a), the load voltage sees the largest variation in the reference value by 8V during transition 

while the value is 10V in Fig. 2.32(b). The settling times in Fig. 2.32(b) have also deteriorated 

from Fig. 2.32(a). These phenomena agree with the results in Fig. 2.26. This showcases one of 

the issues associated with the PI controller. Conventionally, PI control parameters are designed 

and tuned at a single operating point. A good global performance cannot be guaranteed. The 

steady state waveforms of Fig. 2.32 are shown in Fig. 2.33. When terminal voltages stay at 

unity, TPS operates the same as SPS. However, when voltage deviates, TPS operates the 

converter with varying active state duties. 
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Fig. 2.32 Transition with the PI controller 
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Fig. 2.33 Steady state waveforms 

Experiments on the step change of the reference voltage are also conducted. The output voltage 

references are changed between 260V and 300V. The transition results are presented in Fig. 

2.34. In the experiment, settling times of 84ms and 54ms are achieved for reference step 

up/down respectively. 
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(a) VHV2_ref from 260V to 300V (b) VHV2_ref from 300V to 260V 

Fig. 2.34 Reference tracking performance with the designed PI controller. 

It is worth mentioning that the absolute dynamic of the PI controller is not the fastest due to 

the slow control parameters. The controller can be tunned faster if the hardware design is 

improved. Notwithstanding, the relative comparisons can still support the claims. 



 73 

 

 

2.7.2 Efficiency measurements 

The efficiency is measured by a PPA4500 power analyser from Newtons4th Ltd. When the 

DAB converter is modulated with SPS and TPS under two different terminal voltage conditions, 

the efficiency curves are shown in Fig. 2.35(a) and (b). Although the absolute value of the 

efficiency is low as the DAB prototype hardware is not optimal, the TPS still shows its 

advantage over SPS in efficiency boosting particularly in partial load [54].  
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(a) Boost mode 260V/300V (b) Buck mode 300V/260V 

Fig. 2.35 Efficiency measurement. 

The boost mode (260V/300V) has lower efficiency than the buck mode (300V/260V). In boost 

mode, the peak transformer current is the turn-off current for IGBT devices. In contrast, for 

buck mode operation, the transformer peak current is the turn-on current. For IGBT devices, 

the minority carrier stored in the junction causes the characteristic “tail” in the current 

waveform of an IGBT at turn-off, which increases the loss. A second observation is that in 

partial load, the efficiency of TPS is higher than SPS due to the employment of two other phase 

shift variables and offline optimization on efficiency can be carried out, however, the efficiency 

curves have trends to converge with the increasing of load power. This has a correlation with 

the increasing of active state duty values D1 and D2. When using TPS at full power, both active 

state duties are close to 0.5. TPS eventually converges to the SPS. 

2.8 Chapter summary 

The fundamentals of the DAB have been introduced in this chapter, including switching 

patterns, modulations, modelling and control. Two switching patterns – the phase shifting 
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pattern and the pulse modulating pattern have been introduced. Both switching patterns 

demonstrate the same overall switching loss. However, the phase shifting pattern is often used 

due to its property of even switching loss distribution between devices in the same H bridge 

leg.  

Modulation techniques are implemented on top of the switching pattern. Amongst existing 

modulation techniques, SPS is the most straightforward approach in DAB converters. SPS has 

a higher power transfer capability compared to other modulation techniques. However, it 

presents a few drawbacks. The ZVS region gets smaller when the terminal voltage ratio varies 

from unity, thus the efficiency will drop, and also the deadtime effect causes EMI problems 

and error in the power transfer in light load. The problems can be alleviated through proper 

design of the power transfer inductance. When designing the value of Lp, a trade-off between 

the reactive power (conduction loss) and ZVS region (switching loss) should be taken into 

account. In order to boost the efficiency of the DAB converter when the terminal voltage ratio 

varies from unity using SPS, TPS has been analysed with its twelve operating modes. 

Transformer peak current has been chosen as an indirect esteem indicator for the efficiency. 

Thus, minimization of the transformer peak current has been conducted with closed-form 

expressions. The improvement of efficiency with optimized TPS has been verified using 

experimental results. 

The modelling of a DAB converter is different from that of non-isolated DC-DC converters 

such as buck, boost and Ćuk. The existence of the high frequency transformer poses a difficulty 

in developing the average model of the DAB converter. One of the modelling methods, called 

the reduced order model, neglects the dynamic on the transformer, thus reducing one order of 

the converter and hence the name. This method has been widely used for its simplicity and 

reasonably high accuracy to describe the average model of DAB. In this chapter, the reduced 

order average models have been derived for TPS. The ideal small signal models of TPS have 

been also developed. It has been demonstrated in both analysis and experimental that the 

performance of the DAB converter varies with different operating points with one set of PI 

parameters. 
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Chapter 3 Control methods for Dual Active Bridge 

In this chapter, the main control objective of the DAB is the load voltage regulation. Existing 

control methods found in the literature includes feedback control [78], feedforward control [73], 

[79], transformer current control [80]–[83], linearization control [84] and sliding mode 

control[85], [86]. The load disturbance rejection and voltage tracking capabilities have been 

assessed. Based on the analysis, remarks on those control methods are given.  

All the control methods are assessed under the same circuit where the DAB converter is loaded 

with a resistor RL as in Fig. 3.1.  
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Fig. 3.1 The diagram of the DAB converter under investigation. 

The circuit parameters are listed in Table 3.1. 

TABLE 3.1 CIRCUIT PARAMETERS 
Description Value Units 

Switching frequency fs 20 kHz 

Transformer turn ratio 20:20 / 

Primary power inductor Lp 283 µH 

Parasitic resistance Rp 50 mΩ 

Secondary DC capacitor CHV2
 384 µF 

It is worth pointing out that the term “control method” here designates algorithms or circuits 

that take only the sampling of the voltages and/or currents as inputs to generate the phase shift 

duties or active state duties of the DAB. By this definition, the so called “control” in the 

literature [47], [51], [54], [59], [87]–[89] is classified as the optimization of advanced 

modulations rather than the control methods discussed here. By the above definition of control, 
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most methods found in the literature are proposed based on SPS shown in Fig. 3.2 due to its 

simplicity. Except for the PI and stationary current controls, the rest of the control methods 

show considerable difficulty for being extended with advanced modulations that typically 

present more than one operating modes. Therefore, only SPS is considered in this chapter. 

vac1

vac2

DfTs

iac2

Ts

 

Fig. 3.2 Transformer terminal voltages and current waveform of SPS. 

3.1 PI only control 

The PI load voltage control scheme is presented in Fig. 3.3, where the phase shift duty Df 

between the primary and secondary bridges is modified dependent on the error between the 

load voltage and its reference [78]. A proportional-integral compensator Gv1(s) defined in (3. 

1) can be used to minimize the steady state error.  

1
1 1( ) i

v p

k
G s k

s
   (3. 1) 

Based on Chapter 2 section 2.3.1, the phase shift duty ratio Df to iHV2 transfer function GSPS(s) 

can be written as (3. 2).  
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, where 𝐷𝑓̅̅ ̅ is the phase shift duty ratio at the equilibrium point. The phase shift duty ratio Df to 

load voltage VHV2 transfer function GSPS(s) can be written as 



 77 

 

2 ( )
( ) ( ) ( )

( )

HV

DAB SPS L

f

V s
G s G s Z s

D s
   

(3. 3) 

, where 

2

( )
1

L
L

L HV

R
Z s

R C s


  
(3. 4) 

GSPS(s), RL and CHV2 are constants under a fixed equilibrium point. The transfer function GDAB(s) 

is a first order system.  

VHV2_ref VHV2Df
+

-
Gv1(s) GSPS(s)

0.25

-0.25

Verr

1/sCHV2+
-

1/RLIload

iHV2 ic

Control

 

Fig. 3.3 PI control diagram with resistive load RL [78]. 

Therefore, the close-loop control to output transfer function is derived based on Fig. 3.3 as  

2 1

2

2 _ 1

( ) ( ) ( )
( )

1 ( ) ( ) ( )

HV v SPS L

R O

HV ref v SPS L

V G s G s Z s
G s

V G s G s Z s
 

  
(3. 5) 

Aiming to derive the expression of the output impedance Zo(s), the resistive load RL is replaced 

by a current disturbance Iload in the main circuit Fig. 3.1. The control diagram becomes Fig. 3.4. 

VHV2_ref VHV2Df
+

-
Gv1(s) GSPS(s)

0.25

-0.25

Verr

1/sCHV2+
-

Iload

iHV2 ic

Control

 

Fig. 3.4 PI control diagram with load current Iload perturbation. 

Based on the control diagram in Fig. 3.4, the output impedance can be developed as  
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2 2

1
2

1
s

( )
11 ( ) ( )

s

HV HV

o

load v SPS
HV

V C
Z s

I G s G s
C

  


 
(3. 6) 

GR2O(s) reflects the ability of the PI control to track the load voltage reference while Zo(s) 

indicates the ability to regulate the load voltage under load disturbance. The PI control 

parameters are set as kp1 = 0.0425, ki1 = 94.4536 to make the crossover frequency 600Hz at the 

equilibrium point 270V270V 1kW. The plots of GR2O(s) and Zo(s) are shown in Fig. 3.5 for 

various terminal voltages. It can be observed that there exists insignificant discrepencies. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.5 (a) GR2O(s) and (b) Zo(s) under 1kW are plotted according to models in (3. 5) and (3. 6) 

3.2 Feedforward control 

The feedforward controls draw on the information of the load current and generate the phase 

shift duty close to its steady state. The feedforward controls are not applied independently. PI 

controllers are often employed to eliminate the steady state error. Combined feedforward plus 

PI control can improve performance over PI control as the load disturbance can be measured 

and counterbalanced before it affects the load voltage. Two typical feedforward controls, 

hybrid control and the virtual direct power control, for DAB converters found in the exsiting 

literatures are introduced. Small signal models of the two controllers are developed for 

comparison purpose.  
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3.2.1 Hybrid Control 

A feedforward control strategy is proposed based on the relationship between the phase shift 

duty ratio Df and operating power [73]. At steady state, the operating power can be expressed 

as (3. 7). 

1 2

2(1 2 )HV HV

f f HV load

s p

V V
P D D V I

f L
    

(3. 7) 

Based on (3. 7), the phase shift duty at steady state can be calculated as (3. 8). Alternatively 

Df
* can be also generated using a lookup table to avoid the computation [90]. 

1*

1

1 1
-           0

4 16 2

1 1
         0

4 16 2

s p load

load

HV

f

s p load

load

HV

f L I
I

V
D

f L I
I

V


 


 


  


 
(3. 8) 

Fig. 3.6 shows the control diagram, which is termed as a hybrid control method in [73]. The 

value Df
* calculated from (3. 8) is superimposed on the output of the PI controller Gv2(s). Due 

to the non-linearity of the equation (3. 8), classic control theory to assess the control 

performance cannot be applied directly. Local linearization of the equation (3. 8) is the 

antecedent of the small signal based analysis. 

VHV2_ref VHV2Df
+

-
Gv2(s) GSPS(s)

0.25

-0.25

Verr

1/sCHV2+
-

1/RLIload

iHV2 ic

+
+

Eq(3.8)
VHV1

Iload Df
*

Control

 

Fig. 3.6 The hybrid control with resistive load RL [73]. 

Assuming the input voltage remains constant, in order to conduct small signal analysis, local 

linearization of the equation (3. 8) results in the expression in (3. 9). 
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1

2
*

1 1

1

2

1 1

1
( )           0

4 16 2
( )

1
( )        0

4 16 2

s p s p load

load

f HV HV

i

load s p s p load

load

HV HV

f L f L I
I

dD V V
G s

dI f L f L I
I

V V






 


  


  


 
(3. 9) 

, where 𝐼𝑙𝑜𝑎𝑑̅̅ ̅̅ ̅̅  is the equilibrium value calculated as: 

1 (1 2 )HV

load f f

s p

V
I D D

f L
   

(3. 10) 

Based on equations (3. 2) and (3. 9), for unidirectional power flow, it can be concluded that (3. 

11) holds true when the inductance Lp keeps the same value in both control and circuit. 

( ) ( ) 1i SPSG s G s   (3. 11) 

With the feedforward gain Gi(s), the control block diagram becomes Fig. 3.7. 

VHV2_ref VHV2Df
+

-
Gv2(s) GSPS(s)

0.25

-0.25

Verr

1/sCHV2+
-

1/RL

Iload

iHV2 ic

+
+

Gi(s)

Df
*

Control

 

Fig. 3.7 Hybrid control diagram with resistive load RL. 

The close-loop control to output transfer function GR2O(s) is derived based on Fig. 3.7 as  

2
2 2

2

2 _ 1 2 3

1( ) ( )

( )
1 ( ) ( ) ( )

v SPS
HV HV

R O

HV ref

G s G s
V sC

G s
V T s T s T s

 
  

 
(3. 12) 

, where loop gains are calculated as: 

1 2
2

1( ) ( ) ( )v SPS
HV

T s G s G s
sC

   (3. 13) 

2

2

1
( )

HV L

T s
sC R

   
(3. 14) 
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3

2

( ) ( )
( ) i SPS

HV L

G s G s
T s

sC R
  

(3. 15) 

Substituting (3. 13) - (3. 15) into (3. 12) yields: 

2 2

2

2 _ 2 2

( ) ( )
( )

1 ( ) ( ) ( ) ( )

HV v SPS L

R O

HV ref i SPS HV L v SPS L

V G s G s R
G s

V G s G s sC R G s G s R
 

  
 (3. 16) 

Substituting (3. 11) into (3. 16) yields: 

2 2

2

2 _ 2 2

( ) ( )
( )

+ ( ) ( )

HV v SPS

R O

HV ref HV v SPS

V G s G s
G s

V sC G s G s
   

(3. 17) 

In light of the comparison between (3. 16) and (3. 17), it can be concluded that the feedforward 

gain Gi(s) has eliminated the influence of RL on the transfer function GR2O(s). Aiming to derive 

the expression of the output impedance Zo(s), the resistive load RL is replaced by a current 

source Iload. The control diagram becomes Fig. 3.8. 

VHV2_ref VHV2Df
+

-
Gv2(s) GSPS(s)

0.25

-0.25

Verr

1/sCHV2+
-

Iload

iHV2 ic

+
+

Gi(s)

Df
*

Control

 

Fig. 3.8 Hybrid control diagram with load current Iload perturbation. 

Based on the control diagram in Fig. 3.8, the output impedance can be developed as  

2

2
1

2

( ) ( ) 1 1( )
s11 ( ) ( )

s

HV i SPS

o
HV

load v SPS
HV

V G s G s
Z s

CI G s G s
C


 

  (3. 18) 

Substituting (3. 11) into (3. 18) yields: 

( ) 0oZ s   (3. 19) 

The output impedance becomes zero with the feedforward gain Gi(s). However, the result is 

valid only when the inductance in the circuit equals the value in the control. The same as PI 
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control, the Gv2(s) control parameters are set as kp2 = 0.0427, ki2 = 92.9285 to make the 

crossover frequency at 600Hz for 270V/270V 1kW. The plot of GR2O(s) and Zo(s) are shown 

in Fig. 3.9. Comparing Fig. 3.5 and Fig. 3.9, it can be seen that the feedforward gain Gi(s) has 

little influence over the transfer function. However, Gi(s) reduces the output impedance 

significantly. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.9 Plot of (a) GR2O(s) and (b) Zo(s) with the hybrid control under 1kW. 

In practice, the inductance Lp can hardly keep consistent with the value in control. Assuming 

the inductance value in the circuit Lp_p is α times larger than the value in control algorithm Lp_c: 

_ _p p p cL L  (3. 20) 

Therefore, the feedforward gain becomes: 

1
_ _ 2

*

1 1

1
_ _ 2

1 1

1
( )           0

4 16 2
( )

1
( )        0

4 16 2

s p c s p c load

load

f HV HV

i

load s p c s p c load

load

HV HV

f L f L I
I

dD V V
G s

dI f L f L I
I

V V






 


  


  


 
(3. 21) 

The equilibrium point value 𝐼𝑙𝑜𝑎𝑑̅̅ ̅̅ ̅̅  is calculated as: 

1

_

(1 2 )HV

load f f

s p p

V
I D D

f L
   

(3. 22) 
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The model of the DAB circuit becomes: 

1 1

_ _

(1 4 ) (1 4 )
( )

HV f HV f

SPS

s p p s p c

V D V D
G s

f L f L

 
   

(3. 23) 

The product of Gi(s) and GSPS(s) becomes (3. 24). Therefore, according to the expression for 

the output impedance (3. 18), Zo(s) will not be zero. 

(1 4 ) 1
( ) ( ) 1   ( 1)

4 (1- 2 )1
 

16 2

f

SPS i

f f

D
G s G s

D D







  



 (3. 24) 

The transfer function expression (3. 16) and output impedance expression (3. 18) are utilized 

for the plot Fig. 3.10. The output impedance Zo(s) gets larger when α increases. This shows 

that the hybrid control needs accurate acquisition of the inductance value Lp in order to achieve 

good load disturbance rejection. The accurate inductance value may be challenging to calculate 

for an inductor that operates under high fundamental frequency. The practical performance of 

the hybrid control may not be as good as designed. 

α=1

α=1.1

α=1.5

 

α=1

α=1.1

α=1.5

 
(a) (b) 

Fig. 3.10 Plot of (a) GR2O(s) and (b) Zo(s) with the hybrid control under 270V/270V 1kW. 

3.2.2 Virtual Direct Power Control 
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Another feedforward control termed as Virtual Direct Power Control (VDPC) has been 

proposed by W.Song et al. [79]. The advantage of the VDPC is that it eliminates the necessity 

of using the information of the inductance Lp by using the unified power to calculate for Df
*. 

In this method, a virtual power reference P∗ is defined: 

* * *

v loadP U I  (3. 25) 

, where Uv
∗ is named the virtual desired load voltage, the output value of a PI compensator. 

Assuming a resistive load is connected to the secondary terminal of DAB, the desired output 

current Iload
∗ can be described as: 

*

2 2 _

load load

HV HV ref

I I

V V
  

(3. 26) 

Substituting (3. 26) to (3. 25) yields: 

*

2 _*

2

v HV ref

load

HV

U V
P I

V
  

(3. 27) 

On the other hand, the unified power is expressed as: 

1 2 (1 2 )pu HV HV f fP V V D D   (3. 28) 

, where the unity base is: 

1base s pP f L  (3. 29) 

At steady state, Uv
∗ is equal to: 

*

2v HV baseU V P  (3. 30) 

Solving Ppu=P*. The expression of Df
* is derived free from inductance Lp as in (3. 31). 



 85 

 

2 _ *

2

1 2*

2 _ *

2

1 2

1 1
          0

4 16 2

1 1
         0

4 16 2

HV ref load

v load

HV HV

f

HV ref load
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HV HV

V I
U I

V V
D

V I
U I

V V


  


 


  


 

(3. 31) 

In essence, the VDPC utilized the unified power (3. 28) for the calculation of the phase shift 

duty Df
* to avoid involving the value of Lp. The sampling values of the load voltage VHV2 and 

current Iload are included in the calculation for Df
* to enhance the disturbance rejection ability. 

The control diagram of the VDPC is shown in Fig. 3.11. 

VHV2_ref VHV2Df+
-

Gv3(s) GSPS(s)
0.25

-0.25Uv
*

1/sCHV2+
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1/RLIload

iHV2 ic

Eq(3.31)

V
H

V
1

I l
o

a
d

V
H

V
2

_
re

f

V
H

V
2

Control

 

Fig. 3.11 The VDPC control with resistive load RL [79]. 

Assuming the input terminal voltage VHV1 and the load voltage reference VHV2_ref remain 

constant. The partial derivatives of Df
* to load current Iload, load voltage VHV2 and the output 

value of PI Uv
*are: 

*

2 _

2

1 22 _ *

2
*

1 2

*

2 _

2

1 22 _ *

2

1 2

1
          0

41

16 2
( )

1
        0

41

16 2

HV ref v

load

HV HVHV ref load

v

HV HVf

I

load
HV ref v

load

HV HVHV ref load

v

HV HV

V U
I

V VV I
U

V VD
G s

I V U
I

V VV I
U

V V


 

 
 

  
 

 





 

(3. 32) 



86  

 

2 _ *

3

1 22 _ *

2
*

1 2

2 2 _ *

3

1 22 _ *

2

1 2

1
    0

21

16 2
( )

1
       0

21

16 2

HV ref load
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(3. 33) 
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1
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V VV I
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V VD
G s

U V I
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V VV I
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(3. 34) 

, where the equilibrium point value 𝑈𝑣
∗̅̅ ̅̅̅ can be calculated from (3. 30); Value 𝑉𝐻𝑉2̅̅ ̅̅ ̅̅  equals the 

load voltage reference VHV2_ref; Value 𝐼𝑙𝑜𝑎𝑑̅̅ ̅̅ ̅̅  is calculated as: 

1

_

(1 2 )HV

load f f

s p p

V
I D D

f L
   

(3. 35) 

Therefore, for unidirectional power flow, the products are: 

( ) ( ) 1SPS IG s G s   (3. 36) 

2

2 2
( ) ( ) load

SPS V

LHV

I
G s G s

RV
     

(3. 37) 

( ) ( ) base

SPS U

L

P
G s G s

R
  

(3. 38) 

Based on the small signal models in (3. 32) - (3. 34), the control block diagram of the VDPC 

is shown in Fig. 3.12 where the VDPC essentially equals to the PI control with load voltage 

and current feedforward. 
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VHV2_ref VHV2Df
+

-
Gv3(s) GSPS(s)

0.25

-0.25

Uv
*

1/sCHV2+
-

1/RL
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iHV2 ic

GU(s) +
+

GI(s)

GV(s)

+

Control

 

Fig. 3.12 The VDPC control block diagram with resistive load RL. 

The closed-loop control to output transfer function is derived based on Fig. 3.12 as: 

3
2 2

2

2 _ 1 2 3 4

1( ) ( ) ( )

( )
1 ( ) ( ) ( ) ( )

v U SPS
HV HV

R O

HV ref

G s G s G s
V sC

G s
V T s T s T s T s

 
   

 
(3. 39) 

, where loop gains are calculated as: 

1 3
2

1( ) ( ) ( ) ( )v U SPS
HV

T s G s G s G s
sC

   (3. 40) 

2

2

1
( )

HV L

T s
sC R

   
(3. 41) 

3

2

( ) ( )
( ) I SPS

HV L

G s G s
T s

sC R
  

(3. 42) 

4

2

( ) ( )
( ) V SPS

HV

G s G s
T s

sC
  

(3. 43) 

Substituting (3. 40) - (3. 43) into (3. 39) yields: 

2

2

2 _

3

2 3

( ) =

( ) ( ) ( )

( ) ( ) ( ) 1 ( ) ( ) ( ) ( )

HV

R O

HV ref

L v U SPS

HV L L v U SPS I SPS L V SPS

V
G s

V

R G s G s G s

sC R R G s G s G s G s G s R G s G s



   

 
(3. 44) 

Substituting (3. 36) - (3. 38) into (3. 44) yields the simplified transfer function: 
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3

2

22 3

3

( ) 1
( )

2( ) 2
1

( )

v base

R O

HV LHV L base v

v base

G s P
G s

sC RsC R P G s

G s P

 
 


 (3. 45) 

Aiming to derive the expression of the output impedance Zo(s), the resistive load RL is replaced 

by a current source Iload. The control diagram becomes Fig. 3.13. 

VHV2_ref VHV2Df
+

-
Gv3(s) GSPS(s)

0.25

-0.25

Uv
*

1/sCHV2+
-

Iload

iHV2 ic

GU(s) +
+

GI(s)

GV(s)

+

Control

 

Fig. 3.13 VDPC control diagram with load current Iload perturbation. 

Based on the control diagram in Fig. 3.13, the output impedance can be developed as: 

2

2
1 4

( ) ( ) 1 1( )
s1 ( ) ( )

HV I SPS

o
HV

load

V G s G s
Z s

CI T s T s


 

 
 

(3. 46) 

Substituting (3. 36) into (3. 46) yields: 

2( ) 0HV

o

load

V
Z s

I
   

(3. 47) 

Theoretically, it can be concluded that when the load voltage VHV2 is well regulated at its 

reference VHV2_ref, the output impedance Zo(s) of the VDPC is zero. However, due to sampling 

errors, the condition (3. 36) is hard to achieve. Apart from this, the most pressing issue with 

the VDPC is that the inclusion of gain GU(s) on the reference to output path causes a large 

variation in the model with load current, posing challenges on the design of the voltage 

compensator Gv3(s). For instance, if the PI parameters for Gv3(s) are set as kp3 = 511.6613, ki3 

= 1.1629*106 to make the crossover frequency at 600Hz for 270V/270V 1kW, the bode plot of 

the transfer function GR2O(s) becomes as in Fig. 3.14(a) under different loads. The transfer 

function GR2O(s) shows considerable differences under power 3.5W and 1kW. Therefore, the 

compensator GR2O(s) has to be adaptive with the power. The VDPC also shows variant transfer 
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function GR2O(s) with changing terminal voltages as shown in Fig. 3.14(b). The greatest 

advantage of the VDPC is that the output impedance can keep at zero irrelevant to the power, 

load voltage and circuit parameter Lp.  

P=3.5W

P=500W

P=1kW

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) different power 270V/270V (b) different load voltage 1kW 

Fig. 3.14 The VDPC control with different resistive load RL  

3.3 Transformer current control 

The common feature of this category is that the transformer current is involved in the control. 

Either high bandwidth current sensors are required or state observers are employed for 

obtaining the transformer current instant values.  

3.3.1 Feedforward current control 

A Feed-Forward Current Control (FFCC) is proposed by Z. Shan et al. [80] with the 

transformer instant current being regulated similarly to the peak current control described in 

[91]. The reduced order average model shows good agreement with the full order switching 

model even when the dynamic on the transformer current has been neglected [92]. Therefore, 

this premise is also assumed in FFCC. Typical waveforms of the transformer terminal voltages 

and current are shown as in Fig. 3.15.  
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Fig. 3.15 Transformer terminal voltages and current waveform of SPS. 

Transformer current value at the switching instance of the secondary side bridge is denoted as 

ir. According to the Chapter 2 section 2.3.1, the expression of ir is: 

2 1 1+4

4

HV HV HV f

r

s p

V V V D
i

f L


  (3. 48) 

<iHV2>Ts is the switching average value of the secondary bridge DC side current. According to 

Chapter 2 section 2.3.1, <iHV2>Ts is expressed as in (3. 49). In the steady state, the load current 

Iload equals to <iHV2>Ts. 

1
2 (1 2 )

s

HV
HV T f f

s p

V
i D D

f L
     (3. 49) 

Therefore, the relationship between ir and Iload is: 

1 2

1

2

48
1 1

load HV HV
r

s pload p s

HV

I V V
i

f LI L f

V


 

 

 
(3. 50) 

Since the term (VHV1-VHV2)/(4fsLp) has slower variation and can be compensated by the PI 

controller, the simplified relationship of (3. 50) is: 
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1

2
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1 1

load
r

load p s

HV

I
i

I L f

V



 

 
(3. 51) 

, the derivative of ir to the load current Iload is: 

1
( )

1 4

r
ir

load f

i
G s

I D


 
 

 (3. 52) 

The control block diagram of FFCC is shown in Fig. 3.16.  With a SR flip-flop, the secondary 

bridge is commutated at the time instant when the transformer current is equal to a reference ir. 

Reference ir is the sum of the feedforward output ir
∗ and the feedback output ∆ir. 

VHV2_ref
Gv4(s)

Eqn.(3.51)

+

- S

R
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-

+
-

+
+

VHV1

Iload

iac2
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g5, g7 DAB

Switching 

model

VHV2

ir
*

irΔir

 

Fig. 3.16 The control diagram of the FFCC [80]. 

According to equations (3. 48) and (3. 49), current <iHV2>Ts can be expressed by ir as: 

2 1 2 1
2

1

( )[1 2( ) ]
4 4s

s pHV HV HV HV
HV T r r

s p s p HV

f LV V V V
i i i

f L f L V

 
       (3. 53) 

Therefore, the partial derivatives are: 

2 2 1 1

1

+4
( ) 1sHV T HV HV HV f

p

r HV

i V V V D
G s

i V

   
  


 

(3. 54) 

2

2

4 1
( )

4

sHV T f

q

HV s p

i D
G s

V f L

   
 


 

(3. 55) 

According to the derived small signal models (3. 52), (3. 54) and (3. 55), the control block 

diagram of the FFCC is illustrated in:  
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Fig. 3.17 The control block diagram of the FFCC with resistive load RL. 

Based on the control block diagram Fig. 3.17, the closed loop reference to load voltage transfer 

function GR2O(s) can be written as: 

4
2 2

2

2 _ 1 2 3 4

1( ) ( )

( )
1 ( ) ( ) ( ) ( )

v p
HV HV

R O

HV ref

G s G s
V sC

G s
V T s T s T s T s

 
   

 
(3. 56) 

, where loop gains are calculated as: 

1 4
2

1( ) ( ) ( )v p
HV

T s G s G s
sC

   (3. 57) 

2

2

1
( )

HV L

T s
sC R

   
(3. 58) 

3

2

( )
( )

q

HV

G s
T s

sC
  

(3. 59) 

4

2

( ) ( )
( )

ir p

HV L

G s G s
T s

sC R
  

(3. 60) 

Substituting (3. 40) - (3. 43) into (3. 39) yields: 

2

2

2 _

4

2 4

( )

( ) ( )

1+ + ( ) ( ) ( ) ( ) ( )

HV

R O

HV ref

v p L

HV L v p L q L ir p

V
G s

V

G s G s R

sC R G s G s R G s R G s G s




 

 
(3. 61) 

Aiming to derive the expression of the output impedance Zo(s), the resistive load RL is replaced 

by a current disturbance Iload. The control diagram becomes Fig. 3.18. 
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Fig. 3.18 FFCC control diagram with load current Iload perturbation. 

Based on the control diagram in Fig. 3.18, the output impedance can be developed as: 

2

2
1 3

( ) ( ) 1
1( )

1 ( ) ( )

ir pHV

o
HV

load

G s G sV
Z s

sCI T s T s


 

   
(3. 62) 

According to equations (3. 52) and (3. 54), if the terminal voltage ratio equals unity, (3. 63) 

holds true. 

( ) ( ) 1ir pG s G s   (3. 63) 

Substituting (3. 63) back to (3. 61) and (3. 62) yield: 

2

2

22 _

4

( )
( )

( )
+ ( )

( )

pHV

R O

HV qHV ref
p

v

G sV
G s

sC G sV
G s

G s

 
  (3. 64) 

( ) 0oZ s   (3. 65) 

If the PI parameters for Gv4(s) are set as kp4 = 1.2135, ki4 = 9.8*103, the transfer function 

expression (3. 56) and output impedance expression (3. 62) are utilized for the plot Fig. 

3.19.The output impedance is zero due to the unity terminal voltage ratio. However, when the 

load voltage varies from the nominal value, the disturbance rejection performances cannot be 

well retained as shown in Fig. 3.19(b).  
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270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.19 Plot of (a) GR2O(s) and (b) Zo(s) with the FFCC under 1kW. 

3.3.2 Predictive current control 

As discussed above, the load disturbance rejection ability gets worse when the terminal voltage 

ratio is not at unity with FFCC. To address the issue, another digital predictive transformer 

current control is proposed by S. Dutta et al. [81]. 

vac1

vac2

DfTs

iac2

Ts

ir1

<iHV2>Ts

t

t

ir0

 

Fig. 3.20 Transformer terminal voltages and current waveform of SPS. 
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According to Chapter 2 section 2.3.1, current values ir0 and ir1 at the switching instances 0 and 

DfTs shown in Fig. 3.20 are calculated as: 

2 1 2

0

( ) 4

4

HV HV f HV

r

s p

V V D V
i

f L

 
  (3. 66) 

2 1
1 0

HV HV
r r f s

p

V V
i i D T

L


   (3. 67) 

According to (3. 67), Df can be calculated as: 

1 0

2 1

pr r
f

s HV HV

Li i
D

T V V





 (3. 68) 

Therefore, the control diagram of the predictive current control is illustrated in Fig. 3.21. 
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Fig. 3.21 The predictive current control with resistive load RL [81]. 

Solving a pair of simultaneous equations (3. 49) and (3. 66) for ir0: 

2 1 2

0

( ) 4

4

HV HV f HV

r

s p

V V D V
i

f L

 
  (3. 69) 

Substituting (3. 8) into (3. 66) yields: 

2

2 1

1
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8
1

4

ss p HV T

HV HV

HV

r

s p

f L i
V V

V
i

f L

 
 

  

(3. 70) 

In order to conduct small signal analysis, assume the input terminal voltage VHV1 remains 

constant. Equations (3. 68) and (3. 70) are linearized as: 
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 (3. 72) 
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(3. 73) 
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1 4
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

 
(3. 75) 

The control block diagram of the predictive current control is therefore drawn as in Fig. 3.22. 
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Fig. 3.22 The predictive current control block diagram with resistive load RL. 

Based on the control block diagram Fig. 3.22. The closed loop reference to load voltage transfer 

function GR2O(s) can be written as: 

5 1
2 2

2

2 _ 1 2 3 4 5
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1 ( ) ( ) ( ) ( ) ( )

v ir SPS
HV HV

R O

HV ref

G s G s G s
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V T s T s T s T s T s

 
    

 
(3. 76) 

, where loop gains are calculated as: 
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3
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1( ) (s) (s)vo SPS
HV

T s G G
sC

  (3. 79) 

4 0( ) ( ) ( ) ( )ir ii SPST s G s G s G s  (3. 80) 

5 0
2

1( ) (s) ( ) ( )vi ir SPS
HV

T s G G s G s
sC

  (3. 81) 

Aiming to derive the expression of the output impedance Zo(s), the resistive load RL is replaced 

by a current source Iload. The control diagram becomes Fig. 3.23. 
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Fig. 3.23 Predictive current control diagram with load current Iload perturbation. 

Based on the control diagram, the output impedance can be developed as: 

2 2

1 3 4 5

1

( )
1 ( ) ( ) ( ) ( )

HV HV

o

load

V sC
Z s

I T s T s T s T s



 
   

 
(3. 82) 

Let the PI parameters for Gv5(s) be set the same as FFCC where kp5 = 1.9923, ki5 = 4.7*103. 

Input voltage is 270V while the load voltage varies from 270V to 400V. The load power stays 

at 1kW. The transfer function expression (3. 72) and output impedance expression (3. 82) are 

utilized for the plot Fig. 3.24 where both show comparatively smaller changes with terminal 

voltage variations to FFCC. 

This is an ideal case analysis with predictive control. However, in practical implementation, 

the prediction error occurs in the calculation for Df with (3. 68). Compensation has been 

typically achieved by introducing extra PI controllers [81], which deteriorate the performance. 
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Furthermore, the predictive current control requires intensive computation in one switching 

period. For DAB converters with wide bandgap devices where switching frequency could range 

from 100kHz – 1MHz [93]–[95], it is challenging to implement the predictive current control. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.24 Plot of (a) GR2O(s) and (b) Zo(s) with the predictive current control under 1kW. 

3.3.3 Stationary current control 

As discussed above, FFCC and predictive current controls require the sampling of the high 

frequency transformer current, which brings in extra hardware cost. A stationary current 

control is proposed by D. Nguyen et al. [82], [83]. Instead of using a current sensor, the 

transformer current is estimated in the stationary frame. The stationary current control is 

developed based on the Fundamental Harmonic Approximation (FHA) method [60], [96].  

Lp

iac2

+

-

+

-

vac1 vac2

 

Lp+

-

+

-

vac1f vac2f

iac2

 
(a) (b) 

Fig. 3.25 DAB transformer stage (a) full harmonic and (b) FHA circuits. 

As shown in Fig. 3.25, the square wave transformer terminal voltages vac1 and vac2 are replaced 

by their fundamental harmonic components vac1f and vac2f which are expressed as: 



 99 

 

1 1 1

4 4
( ) cos( ) Re[ ]sj t

ac f HV s HVv t V t V e


 
   

(3. 83) 

( 2 )

2 2 2

4 4
( ) cos( 2 ) Re[ ]s fj t D

ac f HV s f HVv t V t D V e
 

 
 


    

(3. 84) 

In the stationary frame, vac1f and vac2f are projected on to d-q axis as: 

1 _ 1 _ 1 _ac f dq ac f d ac f qv v jv   (3. 85) 

2 _ 2 _ 2 _ac f dq ac f d ac f qv v jv   (3. 86) 
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(3. 87) 

The transformer current can be therefore calculated as: 
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(3. 88) 

The power from the primary source is calculated as in (3. 89). Assuming the input terminal 

voltage is constant, the active power is only relevant to the transformer current in the stationary 

frame d axis iac2f_d. 

1 _ 2 _ 1 _ 2 _ 1 2 _

4
ac f dq ac f dq ac f d ac f d HV ac f dP v i v i V i


    

(3. 89) 

The power can also be expressed as: 

1 1 sHV HV TP V i    (3. 90) 
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According to (3. 89) and (3. 90), transformer current in the stationary frame d axis can be 

estimated by: 

1

2 _ =
4

sHV T

ac f d

i
i

  
 

(3. 91) 

, where the input terminal DC side bridge current is measured, and can be calculated as: 

2

1 (1 2 )
s

HV

HV T f f

s p

V
i D D

f L
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(3. 92) 

Hence, the diagram of the stationary current control is illustrated in Fig. 3.26. Cascaded PI 

controllers are employed. The outer loop controller regulates the load voltage while the inner 

loop controls the stationary current. 
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Fig. 3.26 The stationary current control with resistive load RL [82], [83]. 

Linearization on the equation (3. 91) is conducted as: 

2 _

2

( ) (1 2 )
4

ac f d

vi f f

HV s p

i
G s D D

V f L
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(3. 93) 

2 _ 2( ) (1 4 )
4

ac f d HV

di f

f s p

i V
G s D

D f L


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
 

(3. 94) 

The control block diagram of the stationary current control can be therefore presented as in Fig. 

3.27. 
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Fig. 3.27 The stationary current control block diagram with resistive load RL. 

It is worth mentioning that Fig. 3.27 shows two non-touching loops. The reference to output 

transfer function GR2O(s) is therefore derived based on Mason’s formular: 

2

2
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6
2

1 2 3 4 2 3
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(3. 95) 

, where loop gains are calculated as: 

1 6
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T s G s G s G s
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   (3. 96) 
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3 ( ) ( ) ( )di iT s G s G s   (3. 98) 

4
2

1( ) ( ) ( ) ( )vi i SPS
HV

T s G s G s G s
sC

   (3. 99) 

The output impedance of the DAB with the stationary current control can be derived by 

replacing the resistive load with current disturbance Iload as shown in Fig. 3.28. 
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Fig. 3.28 The stationary current control block diagram with load disturbance Iload. 
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The output impedance is calculated as: 

2 2

1 3 4

1

( )
1 ( ) ( ) ( )

HV HV

o

load

V sC
Z s

I T s T s T s



 
  

 
(3. 100) 

If the outer voltage control parameters for Gv6(s) are set as kpv6 = 0.9746, kiv6 = 2213.8 to make 

the crossover frequency at 600Hz for 270V270V 1kW; the inner current control PI parameters 

for Gi(s) are set as kpi = 60, kii = 105. Input voltage is 270V while the load voltage varies from 

270V to 400V. The load power stays at 1kW. The transfer function expression (3. 95) and 

output impedance expression (3. 100) are utilized for the plot Fig. 3.29. It is shown in the figure 

that the plots show smaller changes over terminal voltage variation compared to the FFCC. 

The inner current control loops T3 (3. 98) and T4 (3. 99) help to significantly reduce the output 

impedance. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.29 Plot of (a) GR2O(s) and (b) Zo(s) with the stationary current control under 1kW. 

3.4 Linearization control 

A linearized control method is proposed by A. Tong et al. [84] to eliminate the nonlinear terms 

in the discrete time circuit model [76], [92], [95]. The control can reduce the sensitivity of 

system stability to the load condition and reference voltage and help to enlarge the stable 

margin. In this section, the same control concept has been applied on the reduced order model. 
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According to Chapter 2 section 2.3.1, the relationship between the phase shift duty and the 

secondary DC bridge current is: 

1

2 (1 2 )
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HV T f f
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(3. 101) 

Assuming the voltage PI output is i*
HV2. Similar to the hybrid control, the calculation from i*

HV2 

to Df can be derived as: 
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(3. 102) 

The linearization control diagram is shown in Fig. 3.30 where the calculation of the equation 

(3. 102) is conducted in the control platform. 
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Fig. 3.30 Linearization control diagram with resistive load RL [84]. 

Based on the above discussion, if the inductance used in the control equals the practical 

inductance value and the input terminal voltage sampling is correct, condition iHV2 = i*
HV2 holds 

true. The equivalent control block diagram of the linearization control becomes Fig. 3.31. 
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Fig. 3.31 Equivalent linearization control block diagram with resistive load RL. 

Therefore, the reference to the output transfer function GR2O(s) is: 
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(3. 103) 

, where the loop gains are calculated as: 
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Replace the resistive load RL with current disturbance Iload, and the output impedance Zo(s) can 

be calculated as: 
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(3. 106) 

If the voltage control parameters for Gv7(s) are set the same as the PI control where kpv7 = 

1.2468, kiv7 = 2.77*103, the crossover frequency is 600Hz. The input voltage is 270V while the 

load voltage varies from 270V to 400V. The load power stays at 1kW. The transfer function 

expression (3. 103) and output impedance expression (3. 106) are utilized for the plot Fig. 3.32. 

It is shown in the figure: both GR2O(s) and Zo(s) do not vary with the change of terminal voltage. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.32 Plot of (a) GR2O(s) and (b) Zo(s) with the linearization control under 1kW. 
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In practice, the inductance Lp can hardly keep consistent with the value in control. Assuming 

the inductance value in the circuit Lp_p is α times larger than the value in control algorithm Lp_c: 

_ _p p p cL L  (3. 107) 

Therefore, according to (3. 102), the derivative of Df to i*HV2 is: 
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(3. 108) 

The equilibrium point value 𝑖𝐻𝑉2̅̅ ̅̅ ̅ is calculated as: 

*

2

2

HV

HV

P
i

V
  

(3. 109) 

The model of the DAB circuit becomes: 
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(3. 110) 

The product of Gi(s) and GSPS(s) becomes: 
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 (3. 111) 

Therefore, the linearization control block diagram is shown in Fig. 3.33. 
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HV2
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Fig. 3.33 Linearization control block diagram with resistive load RL [84]. 

Therefore, the reference to output transfer function GR2O(s) is: 
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, where the loop gains are calculated as: 
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Replace the resistive load RL with current disturbance Iload, the output impedance Zo(s) can be 

calculated as: 
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(3. 115) 

The transfer function expression (3. 112) and output impedance expression (3. 115) are utilized 

for the plot Fig. 3.34. It is shown in the figure that both GR2O(s) and Zo(s) are affected by factor 

α.  

α=1

α=1.5

α=2

 

α=1

α=1.5

α=2

 
(a) (b) 

Fig. 3.34 Plot of (a) GR2O(s) and (b) Zo(s) with the linearization control under 270V/270V 1kW. 
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Yet with a large difference between Lp_c and Lp_p (α equals to 2), both GR2O(s) and Zo(s) can 

still keep their shape with different terminal voltages as shown in Fig. 3.35. This feature makes 

linearization control attractive for applications where the terminal voltages vary constantly. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.35 Plot of (a) GR2O(s) and (b) Zo(s) with the linearization control under 270V/270V 1kW and α=2. 

3.5 Sliding mode control 

Small-signal models and analysis have been widely used in power electronics for the 

assessment of stability. However, they fail to predict the stability of some converters in 

presence of large transients. Worse still, the small-signal model fails to reveal any stability 

information of the converter over the entire operating region [97]. In works  [98], [99], it is 

shown that even though stable operation is concluded from the small-signal analysis, the 

system can still be unstable. The main advantage of a system with sliding mode control 

characteristics is that it has guaranteed stability and robustness against parameter uncertainties 

[100].  

The sliding mode control has been applied in the DAB converter in [85] based on the average 

model and in [86] based on the reduced order model. It has been addressed in [92] that the 

reduced order model presents reasonably good accuracy to the practical full order switching 
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model. Therefore, the sliding model control is introduced with the reduced order model in this 

section. In general, assuming the dynamic equation of a system is: 

dx
f g u

dt
    

(3. 116) 

, where x is the state variable. f and g are functions of x. u is the discontinuous control action 

expressed as: 

   ( , ) 0
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U if S x t
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U if S x t
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 
 


 

(3. 117) 

, where U+ and U- are either scalar values or scalar functions of x. S(x,t), usually called the 

sliding surface, is the instantaneous feedback tracking trajectory of the system and is a 

predetermined function of the state variable [97]. Typically, S(x,t) is chosen as a linear 

combination of the weighted values of the state variables, as given as: 

1

( , )
m

i i

i

S x t x


  
(3. 118) 

The ideal sliding mode action described in (3. 117) is similar to the on and off bang-bang 

control  [101]–[103] which results in high-frequency oscillation/chattering within the vicinity 

of the sliding surface while moving towards the origin. Alternatively, equivalent control has 

been used to replace (3. 117). The equivalent control action ueq is obtained by solving (3. 119. 

This is called the invariance condition  [97]. 

( , )
0

dS x t

dt
  

(3. 119) 

The difference between the ideal sliding mode control and the equivalent sliding mode control 

resembles that of the finite control set - model predictive control [42], [104]–[106] and the 

continuous control set - model predictive control [107]–[109]. The steady state error that occurs 

with the ideal sliding mode control (3. 117) can be minimized by comprising an integral term 

of the state variable into the sliding surface [110]. This approach is called integral sliding mode 

control. However, the integral sliding mode control becomes less effective when the equivalent 
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control action is implemented [111]. Therefore, S. C. Tan et al. [112] proposed an additional 

double-integral term of the state variables for construction of the sliding surface when the 

equivalent sliding mode control is utilized. In the DAB converter, state variables are chosen to 

be: 

1 2 3 2
0 0

[ , , ] [ , , ]
t t

T T

err errx x x x V V dt x dt     
(3. 120) 

, where Verr is the error between the load voltage reference and the load voltage: 

2 _ 2err HV ref HVV V V   (3. 121) 

According to Fig. 3.1, the state equation can be written as: 
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(3. 122) 

According to the double integration approach [112], the sliding surface is therefore constructed 

as: 
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(3. 123) 

According to the invariance condition (3. 119), the equivalent control law can be derived as: 
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(3. 124) 

, where 
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(3. 125) 

Compared with (3. 102), it can be concluded that ISM is the virtual current generated by (3. 125). 

Based on (3. 124) and (3. 125), the control diagram is as shown in:  
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Fig. 3.36 Double integral sliding mode control diagram with resistive load RL [86]. 

In order to carry out a fair comparison with other control methods mentioned in the chapter, 

the sliding mode control discussed above is linearized. For unidirectional power flow, small 

signal models are derived: 
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, where 
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(3. 127) 

According to (3. 126) and (3. 2), condition (3. 128) holds true if the inductance Lp can keep 

consistent with the value in control. 

( ) ( ) 1di SPSG s G s   (3. 128) 

The control block diagram is therefore shown in Fig. 3.37 where ki8 and kp8 equals to CHV2α3/α1 

and CHV2α2/α1. 
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Fig. 3.37 Double integral sliding mode control block diagram with resistive load RL. 
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The control to output transfer function GR2O(s) is derived as: 
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(3. 129) 

, where the loop gains are calculated as: 
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Replacing the resistive load RL with current disturbance Iload, the control block diagram 

becomes Fig. 3.38. 
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Fig. 3.38 Double integral sliding mode control block diagram with load current disturbance Iload. 

The output impedance Zo(s) can be calculated as: 
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(3. 134) 

It can be concluded that Zo(s) is ideally zero. The sliding mdoe becomes similar to the hybrid 

control described in section 3.2.1. Set the control parameters kp8 and ki8 to 1.2537, 2.7287*103, 

respectively to make the crossover frequency at 600Hz for 270V/270V 1kW. The transfer 
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function expression (3. 129) and output impedance expression (3. 134) are utilized for the plot 

Fig. 3.39. It can be seen from Fig. 3.39 that both GR2O(s) and Zo(s) do not change with load 

voltage. However, when (3. 128) is not satisfied the same as the hybrid control and 

Linearization control, the output impedance cannot be constant from load voltage variations. 

This phenomena has been addressed in section 3.2.1 and 3.4. Therefore, it is omitted here. 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 

270V/270V Df=34.6 deg

270V/350V Df=25.08 deg

270V/400V Df=21.46 deg

 
(a) (b) 

Fig. 3.39 Plot of (a) GR2O(s) and (b) Zo(s) with the double integral sliding mode control under 1kW. 

3.6 Model predictive control 

Model predictive control is often considered in power electronics converters for several 

advantages it can provide, such as fast dynamics, easy inclusion of constraints, and simple 

digital implementation. In particular, Finite-Control-Set Model-Predictive-Control (FCS-MPC) 

has been investigated in AC power conversion [113]–[115]. In contrast, the application of 

model predictive control in DC/DC power converters has not been so intensively reported. 

A Finite-Control-Set Model Predictive Control (FCS-MPC) has been proposed in the boost 

converter by P. Karamanakos et al. [41] and B. Wang et al. [42]  to enhance the dynamic 

performance. However, these approaches resulted in variable switching frequency and larger 

inductor current ripples than a conventional method. Moreover, it demanded heavy 

computational burdens. In contrast, F. M. Oettmeier et al. [109] proposed  a Continuous-
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Control-Set Model-Predictive-Control (CCS-MPC) in a boost converter, which featured fixed 

switching frequency and fast transition. However, it is hard to include multiple-control 

objectives and constraints in this control. P. Akter et al. [116] presented a MPC for the 

bidirectional isolated DC-DC converters which were operated at 100kHz switching frequency 

with only 4kHz nominal transformer current. This fell into the category of application of MPC 

in AC power conversions [113] where switching frequency was much higher than fundamental 

current. In this thesis, the control approach is investigated for DAB converters operating with 

a transformer current frequency, equal to the switching devices. The authors in [62] include 

switching losses and transformer current Root-Mean-Square (RMS) value into the cost 

function, which is evaluated for different modulation techniques. This approach can optimize 

operating efficiency, but it relies still on conventional PI controller for load voltage regulation. 

To the best knowledge of the author, there is no existing work that successfully applies MPC 

in DAB conveters to date.  

3.7 Comparisons of control methods 

In this section, the control methods described in section 3.1-3.5 are compared. The common 

design rule for all the mentioned controllers are to achieve 600Hz crossover frequency. The 

control parameters are summerized in Table 3.2. 

TABLE 3.2 CONTROL PARAMETERS WITH THE SAME CROSSOVER FREQUENCY @ 600HZ 

Type Control parameters 

PI[78] kp1=0.0425, ki1=94.4536 

Hybrid [73] kp2=0.0427, ki2=92.9285 

VDPC [79] kp3=511.6613, ki3=1.1629*106 

FFCC [80] kp4=1.2135, ki4=9.8083*103 

Predictive [81] kp5=1.9923, ki5=4.7227*103 

Stationary[6] kp6=0.9746, ki6=2.2138*103 

Linearization[84] kp7=1.2468, ki7=2.7735*103 

SM [86] kp8=1.2537, ki8=2.7287*103 

The Reference to output transfer function GR2O(s) and the output impedance Zo(s) are compared 

in Fig. 3.40 where the inductances are kept the same both in control and hardware. 
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(b) 

Fig. 3.40 Plot of (a) GR2O(s) and (b) Zo(s) under 270V/270V 1kW with consistant inductance in control and 

circuit. 
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When the inductance in control is 10% larger than the hardware parameter, plots are shown 

below in Fig. 3.41. Note that VDPC and FFCC are not included for the plot of impenace as 

they remain ideally zero. 

Four aspects have been looked into when comparing those control methods. The regulation 

describes the ability to reject load disturbance; V&P and Lp robustness describes the ability to 

maintain the performance with varying terminal voltage, power and the circuit parameter. 

Simplicity considers both control algorithm and hardware implementation difficulty. 

The PI only control approach shows medium dynamic performance, however, it is the simplest 

and the most applied approach in practice. The hybrid control, VDPC and FFCC approaches 

show ideally zero output impedance indicating excellent load voltage regulation in presence of 

load disturbance. However, their performance are deteriorated under the conditions when Lp, 

power and voltage ratio vary in hybrid, VDPC and FFCC, respectively. Alternatively, the 

predictive control shows robust performance over voltage and circuit parameter variation. The 

drawback for the predictive control is the implementation complexity, the demand for fast 

computation and bad load disturbance rejection performance. The stationary control are easy 

to implement while also presenting medium regulation performance and robustness. The 

sliding mode control can ensure global stability in theory and provide excenllent disturbance 

rejection when the value Lp is accuate in the algorithm. The linearization control shows 

robustness with varying power and terminal voltages.  
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Fig. 3.41 Plot of (a) GR2O(s) and (b) Zo(s) under 270V/270V 1kW with inductance in control 10% larger than 

in hardware circuit. 
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The remarks on the mentioned control methods have been summarized in Table 3.3. Since all 

the controls are designed to have the same crossover frequency, the comparisons are mainly on 

the output impedance. Regulation is assessed by comparing the output impedance curve. 

Robustness is assessed by evaluating the variations of output impedance in presence of 

parameter changes. 

In the application for the DAB converter control in the DC distribution system, multiple control 

objectives are required including the converter stability control, efficiency enhancement and 

system stabilization. However, none of the control methods mentioned above can easily 

incorporate theses control objectives. 

TABLE 3.3 SUMMARY OF THE CONTROL METHODS IN DAB 

Type Regulation 
Robustness 

Simplicity Preferable application 
V&P Lp 

PI[78] Low Medium Medium High Low requirement on dynamics 

Hybrid [73] High Medium Low Medium Constant permeability core 

VDPC [79] High Low High Medium Constant power 

FFCC [80] High Low High Low Fixed terminal voltage 

Predictive [81] Low High High Low Robust operation 

Stationary[6] Medium Medium Medium Medium Medium requirement on dynamics 

Linearization[84] Low High Medium High Voltage/Power variation 

SM [86] High Medium Low High Large signal stability 

3.8 Chapter summary 

In this chapter, an indepth literature review on the control methods of DAB converters has been 

provided. Existing control methods found in the literatures including feedback control, 

feedforward control, transformer current control, linearization control and sliding mode control 

are investigated.  

The PI-only control is the most widely used control. It can generally satisfy most of the 

applications. One of the problems with the PI control is its medium robustness against terminal 

voltages, power and circuit parameter variations. Moreover, the load regulation performance 

with the PI controller is relatively low. In order to improve the dynamic performance, a so-

called hybrid control has been introduced. The hybrid control employs a load current 

feedforward structure which drastically improve the dynamic performance. Ideally, the output 

impedance with the hybrid control is zero. However, when the circuit parameter in the practical 
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converter does not agree with the value used in the algorithm, the peroformance of the hybrid 

control gets deteriorated. Therefore, another approach VDPC has been presented to address the 

rubustness issue with circuit parameter in hybrid control. In the VDPC, all the calculations 

have avoided using the value of the power transfer inductance, resulting in excellent robustness 

againt circuit parameter variation. Unfortunately, this feature of VDPC comes at the price of 

low robustness again the power variation. Similarly, FFCC tried to address the same issue that 

happends in hybrid control by involving the transformer current. The analysis results have 

shown that FFCC presents good rubustnees against the variations of circuit parameter and 

power but not with varying terminal voltages. Eventually, the final solution with respect to the 

overall robustness against the variations of terminal voltage, power and ciruit parameter has 

been discussed. The method is called the predictive current control. The major drawback of the 

predictive control is the relatively bad load regulation performace and complexity in 

implementation. The stationary current control adopted a cascaded control structure which 

results in a good trade-off for all aspects. Linearization control is preferable in the application 

for its rubustness in variant terminal voltages and power. The sliding mode control is similar 

to the hybrid control in terms of performance, but ganrantees large signal stability. 
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Chapter 4 Mono-dimensional MDCS-MPC 

The control of TPS is barely addressed in the existing literature due to its complexity. There 

are many different operating modes associated with TPS as illustrated in Chapter 2. Each 

operating mode has a different small signal model, which requires the linear controllers to be 

designed and tuned with a large number of equilibrium points. Otherwise the performance will 

deteriorate. Therefore, it is challenging to maintain good performance throughout the terminal 

voltage and power range with conventional linear controllers for TPS. To address the above 

issue, in this chapter, a mono-dimensional Moving Discretized Control Set – Model Predictive 

Control (MDCS-MPC) tailored for DAB converters is introduced. The MDCS-MPC is inspired 

by the well-known Finite Control Set – Model Predictive Control (FCS-MPC) [113]–[115]. In 

comparison with FCS-MPC, MDCS-MPC utilizes discretised active duties or the phase shift 

duty rather than voltage vectors.  

The mono-dimensional MDCS-MPC has only one control output. Since SPS has only one 

control variable, as discussed in Chapter 2 section 2.3, it is feasible to apply the mono-

dimensional MDCS-MPC in SPS. However, when TPS is considered, there are three 

independent control variables as discussed in Chapter 2 section 2.4. The number of control 

variables in TPS can be reduced down to one by carrying out the offline optimization described 

in Chapter 2 section 2.4.2. The mono-dimensional MDCS-MPC can then be applied with 

offline optimized TPS. The proposed MDCS-MPC has the merits listed as follow:  

 Circuit parameters, terminal voltages and operating modes of TPS are embedded in the 

prediction model. Therefore, control parameters designed for MDCS-MPC can maintain 

good performance throughout the power and terminal voltage range. 

 The proposed approach enables flexible multi-objective optimization. Detailed exploration 

of this feature is going to be addressed in Chapter 6. 

 Large signal stability can be guaranteed with the introduced mono-dimensional MDCS-

MPC. 
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 Compared with previous applications of FSC-MPC in DC-DC converters [41], [42], 

MDCS-MPC utilizes only two prediction horizons and a small number of calculating 

points in each switching period. Therefore, the computational burden is relatively low. 

In this chapter, the MDCS-MPC has been applied on both SPS and TPS. In section 4.1, the 

mono-dimensional MDCS-MPC is introduced. The large signal stability and small signal 

analysis are provided in section 4.2 and 4.3, respectively. Finally, the practical results are given.  

4.1 Control introduction 

The term model predictive control designates an ample range of controls that use the models 

of a plant to obtain the optimal control output by minimizing the cost function. The MDCS-

MPC belongs to the model predictive control family and obeys the same operating principle. 

Therefore, the introduction of the mono-dimensional MDCS-MPC starts with the derivation of 

the discretised model of both SPS and TPS. 

4.1.1 Discretized model 

The MDCS-MPC functions are based on the utilization of average models. It has been 

demonstrated in Chapter 2 section 2.5 that the reduced order average model of DAB shown in 

Fig. 4.1 presents a good compromise between simplicity and accuracy.  
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Fig. 4.1 The reduced order model of the DAB. 

Therefore, this average model is utilized in this chapter for mono-dimensional MDCS-MPC. 

In this section, the models of DAB connected with resistive loads are derived for both SPS and 
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TPS. The same approach also applies to the scenario where DAB is connected with other types 

of load. Typical waveforms of SPS and TPS are as in Fig. 4.2. 

vac1

vac2

DfTs

iac2

Ts

 

vac1

vac2

DfTs

iac2 Ts

 
(a) SPS (b) TPS 

Fig. 4.2 Generic waveforms of SPS and TPS. 

According to the reduced order model in Fig. 4.1, the differential equation of the output voltage 

is developed as follow: 

2
2 2

HV Ts
HV HV Ts load Ts

d V
C i I

dt

 
      (4. 1) 

Discretizing (4. 1) using forward approximation yields: 
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Assuming load current does not vary in two sampling periods: 

[ ] [ 1]= [ 2]load load loadI k I k I k    (4. 3) 

The prediction for output voltage at time instance k+2 is: 

2
2 2

2

[ 1] [k]
[ 2] [ 1]HV load

HV HV

HV s

i k I
V k V k

C f

 
     (4. 4) 

Substituting VHV2[k+1] in (4. 2) to (4. 4), yields 

2
2 2

2

[ 1] [k]
[ 2] [ 1]HV load

HV HV

HV s

i k I
V k V k

C f

 
     (4. 5) 

According to Chapter 2 section 2.3.1, the power expression of SPS is: 
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1 2
(1 2 )s sHV T HV T

SPS f f

s p

V V
P D D

f L

   
   (4. 6) 

Therefore, the controlled current < iHV2>Ts of SPS is calculated as: 

1

2

2

(1 2 )s

s

s

HV TSPS
HV T f f

HV T s p

VP
i D D

V f L

 
    

 
 (4. 7) 

According to Chapter 2 section 2.5.1, when TPS is applied, iHV2[k] can be found in Table 4.1. 

TABLE 4.1 THE CONTROLLED CURRENT IN THE REDUCED ORDER MODEL WITH TPS 
Mode <iHV2>Ts 

I 

232

1

fMD

M  

II 

2 2 2 2

2

8( 1) 4(2 1) ( 1)f fM D M M D M

M

      
 

III 

232

1

fD

M   

IV 
2 2 2 216( 2 2) 8( 2 2) ( 1)f fM M D M M D M         

In order to evaluate how realistic the assumption made in (4. 3) is, and how accurate the 

prediction in (4. 5) is, the prediction error has been defined in (4. 8) as an esteem indicator. 

2 2 _s[ +2] [ +2]e HV HVV V k V k   (4. 8) 

, where VHV2_s[k+2] is the sampled load voltage at time instance k+2. A sinusoidal controlled 

current source is connected to the load terminal with a fixed amplitude but varying frequency 

as shown in Fig. 4.3. Circuit parameters are listed in Chapter 2 section 2.7. 

Iload

VHV1

DAB converter

+

-

VHV2

DC

DC

+

-

 
Fig. 4.3 Prediction error assessment circuit 
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In (4. 3), the load current is assumed to be constant within two sampling periods. Therefore, 

when the load current changes slowly, this assumption is more likely to hold true. Results 

shown in Fig. 4.4 have verified this statement. When the load current has a frequency of 1kHz, 

the maximum prediction error is 0.293V. With the decreasing of the frequency down to 10Hz, 

the maximum prediction error is reduced to 0.008V. The error in the prediction will not 

necessarily cause problems. Since 1kHz is already above the bandwidth, 0.293V error is only 

0.09% of rated voltage. Therefore, the assumption made in (4. 3) has been deemed reasonable 

in our study. 

0.293 V

1kHz 100Hz

0.081 V

0.008 V

10Hz

 
Fig. 4.4 Voltage prediction error evaluation. 

4.1.2 Operating principle 

Taking into account the computational delay, the MDCS-MPC has a prediction step of two 

sampling periods. A preliminary cost function is proposed as in (4. 9) with the only purpose of 

regulating the voltage VHV2 to reference VHV2_ref. It is worth mentioning that (4. 9) is not the 

finalized cost function, but a first step meant to help illustrate the operating principle of the 

mono-dimensional MDCS-MPC. 

2

2_ 2( [ 2])HV ref HVct V V k    (4. 9) 

The control variable Df is continuous in nature. However, in digital control, Df needs to be 

discretized. The discretization precision is subjected to the control platform applied. Δf is 

defined (4. 10) as the smallest phase shift value that can be achieved in a digital control platform.  
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  s
f

c

f

f
   

(4. 10) 

Fig. 4.5 presents the generation of the PWM signals in the digital control platform, where fc is 

the peripheral clock frequency of the digital control platform. 

CMP

CMP

t

gx

gy

t

t

t

0

0

1/fs

1/fc
 

Fig. 4.5 Demonstration of the smallest phase shift value in PWM modules. 

For unidirectional power flow, DAB works predominately in the range: 

[0,0 25  . ]fD   (4. 11) 

(4. 11) is further discretized into µm (=0.25/Δf+1) elements as described in array (4. 12). 

{0, , 2 , ,0.25}f f fD     (4. 12) 

In order to implement a control algorithm that is feasible on standard commercial 

microcontrollers, the proposed MDCS-MPC evaluates a reduced number of values in each 

sampling period. In one sampling period, µ (µ≤µm) number of points are assessed. They are 

centred at the previous working point.  

An intuitive illustration of the proposed MDCS-MPC is depicted in Fig. 4.6. In the control 

interval k to k+1, µ=3 points are evaluated centred at the previous working point Df[k] =a. 
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When Df[k+1] equals to a-Δf, a and a+Δf, the output voltage VHV2 is predicted as VHV2
(1)[k+2], 

VHV2
(2)[k+2] and VHV2

(3)[k+2]. The superscript represents the index of an element in the moving 

discretized control set. 

The moving discretized control set during the period k to k+1 is {a-Δf, a, a+Δf}. According to 

the illustration in Fig. 4.6, when Df[k+1]= a+Δf, the predicted output voltage VHV2
(3)[k+2] is the 

closest to VHV2_ref. This results in the smallest cost function defined in (4. 9). Therefore, the 

value a+Δf is applied at time instance k+1 to Df. In the next control interval, the same process 

is repeated. However, the moving discretized control set has changed. It has become {a, a+Δf, 

a+2Δf}. The control set is moving with the working point within the domain of (4. 12). In this 

control interval, Df[k+3] = a results in the smallest cost function. Therefore, this value is applied 

at the time instance k+2. This process continues. 

vac1

vac2

VHV2

aTs

VHV2_ref

aTs

k k+1 k+2 k+3

Evaluate 

{a-Δf, a, a+Δf}

for period 

k+1 to k+2 

(a+Δf)Ts

Evaluate 

{a, a+Δf, a+2Δf}

for period 

k+2 to k+3 

Evaluate 

{a-Δf, a, a+Δf}

for period 

 k+3 to k+4 

(a-Δf)Ts

VHV2
(2)[k+2]

VHV2
(3)[k+2]

VHV2
(1)[k+2]

VHV2
(3)[k+3]

VHV2
(2)[k+3]

VHV2
(1)[k+3]

 
Fig. 4.6The operating principle of the mono-dimensional MDCS-MPC for DAB. µ is set to be 3 for 

illustration. 

Assessments on the mono-dimensional MDCS-MPC described in Fig. 4.6 are conducted with 

circuit parameters listed in Chapter 2 section 2.7. SPS is chosen. When the constant current 

load is connected Iload=3.3A, as shown in Fig. 4.7, the operating point (<iHV2>Ts, VHV2) cannot 

quickly converge to the steady state point (3.3A, 300V). 
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Initial point

Steady state

(3.3A, 300V)

 

(a) Time domain (b) Phase portrait 

Fig. 4.7 Simulation results with constant load current Iload = 3.3A. µ = 3, VHV1=300V,VHV2_ref=300V. 

However, when the converter is connected with resistive load RL=90ohm, the operating point 

(<iHV2>Ts, VHV2) shows a relatively faster converging speed. The explanation for the above 

mentioned phenomena with both constant current/resistive loads and detail analysis on the 

converter stability with mono-dimensional MDCS-MPC are addressed in section 4.2. 

 

Initial point
Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.8 Simulation results with constant load RL = 90ohm. µ = 3, VHV1=300V, VHV2_ref=300V. 

4.1.3 Dynamic enhancement 
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Apart from the stability issue with the scheme described in Fig. 4.6, the dynamic performance 

is assessed. Dominant factors that affect the dynamic performance are identified.  

Simulation on load step up transition has been conducted. The load resistance RL is decreased 

from 900ohm to 90ohm at time instance 0.05. Results are shown in Fig. 4.9. It takes 200ms for 

the converter to adjust the load voltage back to the reference point after the load disturbance at 

time instance 0.05s. The operating point converges much faster than that of the constant current 

loads shown in Fig. 4.8. Even so, the dynamic is still rather slow when compared to a converter 

with switching frequency as high as 20kHz. 

200ms

 

Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.9 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 3, VHV1=300V, VHV2_ref=300V. 

4.1.3.1 Increase µ 

A straight forward way to enhance the dynamic performance is to increase the number of points 

µ calculated in one sampling period. Simulations are conducted with µ increased to 11, 21 and 

201. As can be observed from the results shown in Fig. 4.10, Fig. 4.11 and Fig. 4.12, the 

dynamic performance increases with the increasing of µ. The transition time decreases from 

200ms when µ is 3 to 1.5ms when µ is 201. 
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75ms

 

Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 

(a) Time domain (b) Phase portrait 

Fig. 4.10 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 11, VHV1=300V, VHV2_ref=300V. 

In light of the comparisons of Fig. 4.9(b), Fig. 4.10(b), Fig. 4.11(b) and Fig. 4.12(b), larger 

values of µ make the shape of the phase portrait contract in X axis and expand in Y axis.  

35ms

 

Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.11 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 21, VHV1=300V, VHV2_ref=300V. 

Larger values of µ can increase the dynamic, but it aggravates the computational burden on the 

real-time digital controller. Therefore, instead of increasing the number of points calculated in 

each sampling period, an adaptive step approach can be used to replace the fixed Δf. 
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1.5ms

 

Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.12 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 201, VHV1=300V, 

VHV2_ref=300V. 

4.1.3.2 Adaptive step 

An adaptive step approach for Df is adopted instead of the smallest search step Δf. Defining the 

adaptive step Δadp as (4. 13), (4. 14). The adaptive step Δadp changes with the difference between 

the load voltage and the reference. When VHV2 is far from the reference, Δadp becomes large. In 

contrast, when VHV2 equals to the reference, Δadp contracts to Δf.. As a consequence, the control 

accuracy remains in steady state.  

2 _ 2 2 _ 2

2 _ 2

[ ] ,   [ ]

                        ,   [ ]

HV ref HV HV ref HV m

m HV ref HV m

V V k V V k V
V

V V V k V

   
 

 
 (4. 13) 

2(1 )adp f V      
(4. 14) 

, where Vm is the limiter voltage which is set as 10V. λ is a constant coefficient. The block 

diagram of the adaptive step is shown in Fig. 4.13. 

VHV2_ref

VHV2[k]
-

λ

+
+

Δf

Δadp

1

x2

 
Fig. 4.13 Block diagram of the adaptive step. 
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Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.14 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 11, VHV1=300V, VHV2_ref=300V, 

and λ=1. 

The evaluation on the adaptive step has been carried out, resulting in waveforms Fig. 4.14. As 

shown in the figure, the operating point does not converge with the adaptive step. The operating 

trajectory starts with the initial point (0.3A, 300V). The oscillation amplitudes of both load 

voltage and controlled current increase until saturation. This phenomena that happens with the 

adaptive step will be analysed in detail in section 4.2. 

4.1.4 Cost function 

In order to guarantee the large signal stability of DAB with the mono-dimensional MDCS-

MPC, another term G2 is proposed in the cost function as follows: 

1 1 2 2ct G G    
(4. 15) 

, where 

2

1 2_ 2
2

2 2 2

( [ 2])

( [ 2] [ ])
HV ref HV

HV HV

G V V k

G V k V k

   


  
 

(4. 16) 

The first term G1 is responsible for regulation of the load voltage VHV2 to the reference value 

VHV2_ref while the second term G2 takes charge of the operating stability.  
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With the adaptive step discussed in section 4.1.3, when α2 is zero the operating point does not 

converge according to Fig. 4.14.  When α2 is increased to1.2, the operating point converges 

even with the adaptive step as shown in Fig. 4.15. The oscillation time gets reduced by further 

increasing the value of weighting factor α2 as in Fig. 4.16. When α2 is increased to four as 

shown in Fig. 4.17, both controlled current and load voltage do not oscillate, and the operating 

point converges to the steady states. The dynamic performance shown in Fig. 4.17 gets pretty 

close to Fig. 4.12 where 201 points are calculated in one switching period. Therefore, it has 

been demonstrated that the adaptive step approach can boost the dynamic performance with a 

much lighter computational burden.  

In the observation of Fig. 4.15 - Fig. 4.17, the value of α2 has a positive effect on the system 

stability. However, α2 cannot be set too large because it has negative impact on the steady state 

error. This will be addressed in section 4.1.5. 

 

Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.15 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 11, VHV1=300V, VHV2_ref=300V, 

λ=1 and α2=1.2. 
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Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.16 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 11, VHV1=300V, VHV2_ref=300V, 

and λ=1 and α2=2.5. 

 

3.8ms

 

Steady state with 

RL=900ohm

Steady state with 

RL=90ohm

 
(a) Time domain (b) Phase portrait 

Fig. 4.17 RL decreases from 900ohm to 90ohm at time instance 0.05s with µ = 11, VHV1=300V, VHV2_ref=300V, 

and λ=1 and α2=4. 

As shown in Fig. 4.7, when a constant load is connected to DAB with the mono-dimensional 

MDCS-MPC, the converter operating point can hardly converge. Another examination is 

conducted to verify the effectiveness of G2 in the scenario with constant current loads. As 

presented in Fig. 4.18, the converter is stable with G2 enabled. In fact, Fig. 4.18(b) shows a 

very similar trajectory with Fig. 4.17(b). Detailed explanations on theses phenomena is 

addressed in section 4.2. 
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Steady state with 

Iload=0.33A

Steady state with 

Iload=3.3A

 
(a) Time domain (b) Phase portrait 

Fig. 4.18 Iload increases from 0.3A to 3.3A at time instance 0.05s with µ = 11, VHV1=300V, VHV2_ref=300V, and 

λ=1 and α2=4. 

4.1.5 Steady state error 

There are two reasons for the steady state error in the above discussed mono-dimensional 

MDCS-MPC. The first reason is the prediction error from the ideal model. As stated in Chapter 

2, the accurate modelling of the DAB which considers the copper and core losses from the high 

frequency is rather complicated. The simplified reduced order model enables relatively easier 

implementation, however, it also brings prediction error in <iHV2>Ts. The second reason is the 

contradiction between G1 and G2. When VHV2 nears to VHV2_ref, G1 becomes very small. The 

predicted step change (VHV2[k+2]-VHV2[k]) is higher than the steady state error (VHV2_ref-

VHV2[k+2]). In this case, the decreasing of α1G1 does not compensate for the increasing of α2G2. 

As a result, (VHV2_ref-VHV2[k+2]) cannot be controlled to zero, therefore causing the steady state 

error. 
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4.1.5.1 Prediction error 

The error of the ideal prediction model can be corrected by a compensation term defined as 

Icomp in (4. 17). Icomp is calculated as the difference between the observed output current value 

iHV2_r and the predicted value iHV2. 

2 _ 2[ ] [ 1] [ 1]comp HV r HVI k i k i k     (4. 17) 

, where 

2
2_ 2 2[k 1] ( [ ] [ 1]) [ 1]HV

HV r HV HV load

s

C
i V k V k I k

T
       

(4. 18) 

The correction of the prediction model can eliminate the steady state error for the output voltage. 

However, due to the calculation of iHV2_r in (4. 18) involves a derivative of VHV2. In presence 

of sampling noise, the compensation term Icomp could deteriorate the dynamic performance of 

MDCS-MPC. Icomp is designed solely for the purpose of steady state error correction. A Low 

Pass Filter (LPF) can be applied for Icomp. Therefore, the predicted output voltage is modified 

as in (4. 19). A diagram of the compensation for the prediction error is shown in Fig. 4.19. A 

moving average filter is used as the LPF. 

2 2 _

2 2

2

[ 2] [ 1] 2 [ ] 2 [ ]
[ 2] [ ]

HV HV comp f load

HV HV

HV s

i k i k I k I k
V k V k

C f

    
    (4. 19) 

 

Eqn.(4.7)
VHV2[k]

VHV2[k-1]

Iload[k-1]

iHV2_r[k-1]

iHV2[k-1]

Icomp[k]
LPF

Icomp_f[k]
Eqn. (4.19)

Iload[k] iHV2[k+1]

iHV2[k+2]Sampled 

data Prediction model 

compensation
Ideal model

VHV2[k+2]

-

 
Fig. 4.19 The compensation diagram for the prediction error 

4.1.5.2 Error caused by α2 

The steady state error caused by the weighting factor α2 is analysed as shown in Fig. 4.20. 

Assuming the converter reaches steady state at time instant k, the assessment on the behaviour 

of the mono-dimensional MDCS-MPC has been investigated. 
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VHV2

k k+1 k+2

VHV2_ref

VHV2
(1)[k+2]

VHV2
(2)

[k+2]

VHV2
(3)[k+2]

VHV2[k+1]
VHV2[k]

Verr_org

 
Fig. 4.20 Illustration of the steady state error 

To start with, consider the initial cost function in (4. 9) without G2 and assume that the 

converter has already been in the steady state: 

2 2[ ] [ 1]HV HVV k V k   (4. 20) 

2 2[ ] [ ] [ 1]load HV HVI k i k i k    (4. 21) 

, where the steady state error Verr_org is defined as: 

_ 2 _ 2[ ]err org HV ref HVV V V k   (4. 22) 

Substitute the conditions (4. 21) and (4. 22) into the prediction model (4. 5). The prediction 

value for the output voltage VHV2
(3)[k+1] in Fig. 4.20 is: 

2 2
2 2_ _

2

[ 2] [ 1]
[ 2] HV HV

HV HV ref err org

HV s

i k i k
V k V V

C f

  
     

(4. 23) 

Equation (4. 23) can be further modified as: 

2
2 2_ _

2

[ 2] |
adp HV

HV HV ref err orgDf Df
HV s f

di
V k V V

C f dD 


     

(4. 24) 

The cost functions with voltage predictions VHV2
(2)[k+2] and VHV2

(3)[k+2] are: 
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(2) 2

_err orgct V  (4. 25) 

2

(3) 2
_

2

|
adp HV

err orgDf Df
HV s f

di
ct V

C f dD 

 
  
 
 

 (4. 26) 

Due to the steady state assumption, (4. 27) has to hold true. 

(2) (3)ct ct  
(4. 27) 

Therefore, the maximum prediction error Verr_org_max can be obtained in (4. 28).  

2
_ _ _ max

2

|
adp HV

err org err orgDf Df
HV s f

di
V V

C f dD 


   

(4. 28) 

Now, consider the cost function defined in (4. 15) with the second term G2 enabled. Set α1=1. 

The cost functions with the voltage prediction VHV2
(2)[k+2] and VHV2

(3)[k+2] become: 

(2) 2

_ moderrct V  
(4. 29) 

2

(3) 22 2
_ mod 2

2 2

| ( | )
adp adpHV HV

errDf Df Df Df
HV s f HV s f

di di
ct V

C f dD C f dD


 

  
   
 
 

 (4. 30) 

, where Verr_mod is the steady state error with the term G2 enabled. Due to the steady state 

assumption, substitute (4. 28), (4. 29) and (4. 30) in (4. 27). The maximum prediction error 

Verr_mod_max becomes: 

_ mod _ _ max 2 _ mod_ max(1 )err err org errV V V    
(4. 31) 

The steady state error is dependent on the working points of the converter such as the power 

and the terminal voltage ratio. Conclusion can be drawn from (4. 28) that smaller step Δadp, 

bigger output capacitor CHV2 and higher switching frequency fs are conducive for the reduction 

on the voltage steady state error. It also can be concluded from (4. 31) that the existence of α2 

increases the steady state error. Compared with only G1 in the cost function, the error has been 

increased by (1+α2) times of Verr_org_max. Higher values of α2 introduces better system 

convergence. However, it also causes steady state load voltage error. In applications where 

large output capacitors and high switching frequency are required, the error is small enough to 
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be neglected. In some cases where high voltage precision is required, the adaptive weighting 

factor design proposed by T. Dragicevic [117] can be adopted to address the issue. 

4.1.6 Algorithm flow chart 

The flow chart of the mono-dimensional MDCS-MPC is presented in Fig. 4.21. It shows the 

calculation process in the control period k to k+1. The output of the control is the optimal 

control variable to be applied at time instance k+2. µ (=3) elements are utilized for illustration 

purposes.  

The evaluation process starts with the calculation of the adaptive step Δadp. It determines the 

step distance between two near values in the control set. The control set slides in the range 

described in (4. 12) centred at the control value Df[k+1] which is applied at time instance k+1. 

Then the following iteration starts for the mono-dimensional MDCS-MPC:  

 The load voltage is predicted with three elements in the control set.  

 Each voltage prediction is corrected by the compensation loop illustrated in Fig. 4.19.  

 Cost functions are calculated with each corrected voltage prediction value  

The element achieving minimal ct is then stored in Df[k+2] which is applied at time instance 

k+2. 
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i<µ(=3)

Start

Control set with µ(=3) elements:

list = { Df_old-Δadp, Df_old, Df_old+Δadp }

i=0

Df_iter = list[i]

min = ct(list[i])

Cost function cal. 

(4.15) ct( list[i] )

False

Increment i

ct(list[i])<min

True

False

True

Df[k+2] = Df_iter

End

Df_old=Df_iter

Adaptive step Δadp cal. (4.14)

VHV2[k+2] calculation 

with error 

compensation Fig. 4.19

 
Fig. 4.21 The flow chart of MDCS-MPC 
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4.2 Large signal stability analysis 

In section 4.1, the concept of the mono-dimensional MDCS-MPC has been introduced. 

However, there are several unexplained phenomena including:  

 The operation point converges to the steady state with resistive loads much faster than with 

constant current loads as shown in Fig. 4.7 and Fig. 4.8. 

 The converter becomes unstable with the adaptive step irrelevant to the type of load as 

shown in Fig. 4.14. 

 The converter is stable when G2 is enabled in the cost function as shown in Fig. 4.17 and 

Fig. 4.18. The oscillation decreases with the increase of the weighting factor α2. 

All the phenomena mentioned above relate to the stability issue of DAB with mono-

dimensional MDCS-MPC. In this section, the large signal stability of DAB is analysed based 

on the reduced order model in Fig. 4.1. The stability issue will be intuitively explained and 

mathematically prooven. 

4.2.1 Phase portrait analysis method 

Three statements that underpin further stability analysis are presented here. The statements are 

generally true irrelevant to the circuit parameters and control methods used in DAB. The phase 

portrait plot with controlled current <iHV2>Ts as Y axis and load voltage VHV2 as X axis as shown 

in Fig. 4.22 is the main analysis tool. In the following text, notation <iHV2>Ts is replaced by IHV2 

for simplicity.  

Two curve lines l1 and l4 are drawn in Fig. 4.22. Line l4 starts with the horizontal line ix where 

line l1 also ends upon. 
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Fig. 4.22 The general phase portrait of DAB 

The trajectory functions for l1 and l4 are assumed to be: 

2 1 2( )HV HVI f V  
(4. 32) 

2 4 2( )HV HVI f V  
(4. 33) 

The slopes of l1 and l4 when intersecting with horizontal ia are -k1 and k4: 

1 -1
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(4. 34) 
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(4. 35) 

The average slopes for l1 and l4 are defined as -kavg1 and kavg4: 
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(4. 36) 
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(4. 37) 

Based on the above information, it is straight-forward to conclude that: 
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Hypothesis: In the second period of oscillation, there is no saturation in the controlled current 

IHV2. In other words, except for the slope at the point intersecting the VHV2_ref line, k1 and k4 are 

not zero. 

 Statement 1 – The sufficient and necessary condition for (4. 38) to hold true is the 

satisfaction of (4. 39). 

4 1V V    
(4. 38) 

1 2
2 2

1 2 4 2( ) ( )

y y

x x

y x y x

avg avgi i
HV HV

i i
HV HV

i i i i
k k

dI dI

k I k I

 
  

   
(4. 39) 

 Statement 2 - The sufficient condition for (4. 38) to be true is the satisfaction of (4. 

40). 

1 4-1 -1

1 2 4 2

1 1
-[ ]' [ ]'

( ) ( )HV HV

k k
f I f I

  
 

(4. 40) 

 Statement 3 - If either (4. 41) or (4. 42) is true, ΔV1 equals ΔV4. 

1 4k k  
(4. 41) 

1 4avg avgk k  
(4. 42) 

4.2.2 Benchmark control 

The phase portrait plane is divided into two parts as shown in Fig. 4.23. In the green area, the 

load voltage is smaller than its reference. In the red area, the load voltage is larger than its 

reference.  

A benchmark control is assumed when the operating point is in the red area, Df will be 

decreased at a rate as (4. 43), otherwise Df will be increased by the same rate. 

f

f s

dD
f

dt
   (4. 43) 

 



142  

 

VHV2

IHV2

VHV2_ref

Increase Df Decrease Df

 
Fig. 4.23 Different control behaviours. 

Note that the benchmark control is very similar but not the same as the mono-dimensional 

MDCS-MPC. To facilitate a better explanation, the stability analysis is first carried out with 

the benchmark control. 

4.2.2.1 Current load 

With above benchmark control, stability analysis is carried out with constant current load. The 

circuit is as shown in Fig. 4.24.  
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Fig. 4.24 DAB with constant current load 

The analysis is conducted on SPS. Therefore,  

1
2 (1 2 ) ( )HV

HV f f f

s p

V
I D D g D

f L
    (4. 44) 
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12 1 1
2(1 4 ) [1 4 ( )]

f fHV HV HV
f HV

s p s p

dD dDdI V V
D g I

dt f L dt f L dt

     (4. 45) 

The load voltage dynamic equation is: 

2
2 2

HV
HV HV load

dV
C I I

dt
   (4. 46) 

According to (4. 44), IHV2 and Df are positively correlated within the range (0, 0.25), the 

increase/decrease of Df results also in the increase/decrease of IHV2. According to (4. 46), when 

the controlled current IHV2 is higher/lower than the load current Iload, the load voltage will 

increase/decrease. With the benchmark control assumed in Fig. 4.23, dynamic behaviours in 

each quadrant are summarized as follow: 

VHV2

IHV2

Iload

VHV2_ref

-k1

k4

k2

-k3

I

IIIII

IV

Increase Df Decrease Df

 
Fig. 4.25 Control behaviours. 

 When the operating point is in quadrant I, the load voltage is higher than the reference 

voltage and the controlled current IHV2 is higher than the load current Iload. The 

operating point moves in the right and down direction where the slope -k1<0. 

 When the operating point is in quadrant II, the load voltage is higher than the reference 

voltage and the controlled current IHV2 is lower than the load current Iload. The 

operating point moves in the left and down direction where the slope k2>0. 
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 When the operating point is in quadrant III, the load voltage is lower than the reference 

voltage and the controlled current IHV2 is lower than the load current Iload. The 

operating point moves in the left and up direction where the slope -k3<0. 

 When the operating point is in quadrant IV, the load voltage is lower than the reference 

voltage and the controlled current IHV2 is higher than the load current Iload. The 

operating point moves in the right and up direction where the slope k4>0. 

Assuming a phase portrait as Fig. 4.26 with constant current load. Operating points P1 and P4 

have the same current ia while points P2 and P3 have the same current ib. 
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Fig. 4.26 Four quadrant for constant current load 

Generally, the absolute value of the slope in the phase portrait can be calculated as: 

12 1
2

2 2

2 2 2
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(4. 47) 

Based on the equation (4. 47), the slopes at points P1-P4 are as follow: 
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(4. 48) 
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  
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

  
(4. 51) 

According to (4. 48) - (4. 51), equations (4. 52) and (4. 53) can be concluded. 

1 4k k  (4. 52) 

2 3k k  (4. 53) 

According to Statement 3 in section 4.2.1, with the constant current load, the operating point 

cannot converge to the steady state. The phase portrait for the DAB converter with the constant 

current load is shown in Fig. 4.27. 
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Fig. 4.27 Phase portrait with constant current load using the benchmark control. 
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4.2.2.2 Resistive load 

Similar analysis is conducted on DAB with resistive load. The circuit is shown in Fig. 4.28. 
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Fig. 4.28 DAB with constant resistive loads. 

The load voltage dynamic equation becomes: 

2 2
2 2

HV HV
HV HV

L

dV V
C I

dt R
   (4. 54) 

Due to that the load current varies with the load voltage, the phase portrait is divided into four 

quadrants as shown in Fig. 4.29 different from that of constant current loads in Fig. 4.26. But, 

the slopes in each quadrant has the same direction as in Fig. 4.26. 
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Fig. 4.29 Four quadrants with resistive loads. 
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According to (4. 47), the slope at each points P1-P4 can be calculated as: 
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(4. 58) 

Due to  

2_ 2_HV u HV dV V  (4. 59) 

According to (4. 55) - (4. 59), the relationship between slopes -k1 and k4, also k2 and -k3 are: 

1 4k k  (4. 60) 

2 3k k  (4. 61) 

Therefore, according to Statement 2 made in section 4.2.1, (4. 62) can be concluded where 

voltage differences are illustrated in Fig. 4.30. 

'

4 1 2 3 4V V V V V          (4. 62) 

Considering the direction of movement in each quadrant as illustrated in Fig. 4.29, the phase 

portrait with resistive loads is presented as in Fig. 4.30. The operation with resistive loads is 

stable with the benchmark control. 
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Fig. 4.30 Phase portrait with constant resistive load using the benchmark control. 

4.2.3 Analysis on IHV2 saturation 

The analysis carried out above in Fig. 4.30 demonstrated that the operation is stable using the 

benchmark control with resistive loads. However, the conclusion is only true when the 

hypothesis of the three statements are satisfied. If saturation happens during the transition, the 

operation might not be stable. The impact of controlled current saturation is addressed herein. 
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Fig. 4.31 Phase portrait with IHV2 saturation using the benchmark control. 

Consider unidirectional power flow, when the controlled current IHV2 saturates to its limits Imax 

and 0, the phase portrait will be as in Fig. 4.31. Due to the saturation, the starting point will 
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always be Ps when the trajectory moves from quadrant IV in to I. The oscillation starts and 

ends at the same point Ps. 

It can be therefore concluded that if the controlled current IHV2 is still saturated in the second 

period of oscillation, the operation will not be stable with the benchmark control. 

4.2.4 Analysis on MDCS-MPC 

When the mono-dimensional MDCS-MPC with μ=3 and without the adaptive step and G2 is 

considered, the control behaves slightly different from that of the benchmark control in Fig. 

4.25.  
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(a) divided by four regions (b) divided by four quadrants 

Fig. 4.32 mono-dimensional MDCS-MPC behaviours. 

As shown in Fig. 4.32(a), the phase portrait plane is divided into four regions R1-R4. The 

descriptions for those regions are given as follow: 

 When the operating point is in R1, the load voltage is higher than the reference voltage 

and Df is decreasing. The operating point moves in the right and down direction where 

the slope -k1<0. 

 When the operating point is in R2, the load voltage is higher than the reference voltage 

and Df is decreasing. The operating point moves in the left and down direction where 

the slope k2>0. 
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 When the operating point is in R3, the load voltage is lower than the reference voltage 

and Df is increasing. The operating point moves in the left and up direction where the 

slope -k3<0. 

 When the operating point is in R4, the load voltage is lower than the reference voltage 

and Df is increasing. The operating point moves in the right and up direction where 

the slope k4>0. 

The mono-dimensional MDCS-MPC will decrease Df before the operating point reaches the 

VHV2=VHV2_ref in quadrant IV and increase Df before the operating point reaches the same line 

in quadrant II.  

The reason for the difference between the benchmark control and mono-dimensional MDCS-

MPC is analysed here. The four operating points shown in Fig. 4.33 are defined as follows: 

 Q[k] in quadrant IV with co-ordinate (IHV2[k], VHV2[k]) is the operating point two steps 

ahead of the VHV2=VHV2_ref line crossing where Df[k]=m is applied.  

 Q[k+1] in quadrant IV with co-ordinate (IHV2[k+1], VHV2[k+1]) is the operating point one 

step ahead of the VHV2=VHV2_ref line crossing where Df[k+1] =m+Δf is applied.  

 Q[k+2] in quadrant I with co-ordinate (IHV2[k+2], VHV2[k+2]) is the first operating point 

after crossing the VHV2=VHV2_ref line where Df[k+2] =m is applied.  

 Q’[k+2] in quadrant I with co-ordinate (I’HV2[k+2], VHV2[k+2]) is the first operating point 

after crossing the VHV2=VHV2_ref line where Df[k+2] =m+2Δf is applied. 

As illustrated in Fig. 4.33, the operating point will move from Q[k+1] to Q’[k+2] by increasing 

Df. Instead, the operating point will end up from Q[k+1] to Q[k+2] by decreasing Df. 
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Fig. 4.33 Explaination on the mono-dimensional MDCS-MPC behaviours. 

The operating principle of mono-dimensional MDCS-MPC described in Fig. 4.6 states that 

value Df[k+2] is determined in the control period k to k+1. During this control period, according 

to (4. 44) and (4. 46), (4. 63) can be concluded. 

2 2[ 2] ' [ 2]HV HVI k I k    & 2 2[ 2] ' [ 2]HV HVV k V k    (4. 63) 

Therefore, based on the cost function defined in (4. 9), Df[k+2] =m presents a smaller ct. The 

mono-dimensional MDCS-MPC will always decrease Df one step before crossing the 

VHV2=VHV2_ref line when the operating point moves from quadrant IV to I and  increase Df one 

step before crossing the VHV2=VHV2_ref line when the operating point moves from quadrant II to 

III. This control behaviour results in the movement direction of operating points in each region 

as shown in Fig. 4.32. 

4.2.4.1 Current load 

Based on the above knowledge, stability analysis can be conducted with current load. The 

illustration with current load is shown in Fig. 4.34 where the trajectory with MDCS-MPC in 

the blue line overlaps with that of the benchmark control in the grey line.  
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Fig. 4.34 Phase portrait in blue line with constant current load using the MDCS-MPC. Phase portrait in grey 

line with constant current load using the benchmark control. 

According to previous analysis in Fig. 4.27, the blue line is symmetrical about the green dashed 

line while the grey line is symmetrical about the red dashed line. Referring to the formula (4. 

36) and (4. 37), (4. 64) can be concluded when MDCS-MPC is used. 

4 1avg avgk k  (4. 64) 

According to statement 1, 

1 4V V    (4. 65) 

The same analysis can be carried out for the trajectory in R3 and R4. The operating point with 

constant load current when using MDCS-MPC, is slow, but will eventually converge to the 

steady state point. The analysis has explained the phenomena which happened in Fig. 4.7 where 

the current load is connected to DAB with mono-dimensional MDCS-MPC.  Fig. 4.7(b) is 

zoomed in as shown in (4. 35), which verifies the analysis in Fig. 4.34. 
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Fig. 4.35 Simulation results with constant load current Iload = 3.3A. µ = 3, VHV1=300V,VHV2_ref=300V. 

It can be concluded that with the slight difference between the MDCS-MPC in Fig. 4.32 and 

the benchmark control in Fig. 4.23, the stability changes when the current load is connected. 

4.2.4.2 Adaptive step 

The adaptive step approach introduced in section 4.1.3.2 tells that the adaptive step Δadp 

changes with the difference between the load voltage and its reference. When VHV2 is far from 

the reference, Δadp becomes large. In contrast, when VHV2 equals to the reference, Δadp contracts 

to Δf.. When the adaptive step is enabled, the change rate of Df becomes: 

2(1 )
f

f s

dD
V f

dt
    (4. 66) 

Assuming l4 in Fig. 4.36 (a) is the trajectory with adaptive step in region R4. In order to explain 

the control behaviour with the adaptive step, VHV2=VHV2_ref is the line of symmetry to l1 and l’4. 
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Assuming l1 is the trajectory with the adaptive step in region R1, l1 and l’4 are overlapped in 

Fig. 4.36 (b). 
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(a) Reflection symmetry l1 and l’4 (b) overlap of l1 and l’4 

Fig. 4.36 Explaination on the mono-dimensional MDCS-MPC behaviour with adaptive step. 

According to (4. 47), the slopes in regions R1 and R4 are calculated as: 

1
22 1

1 1

1 4 ( )
(1 )HV HV a

f

p a load

C V g i
k V

L i I


   

  
(4. 67) 

1
22 1 a

4 4

1 4 ( )
(1 )HV HV

f
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C V g i
k V

L i I


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  
(4. 68) 

If  

1 4V V    (4. 69) 

then 

1 4k k  (4. 70) 

According to condition (4. 70), due to the adaptive step, l1 will have a tendency to move towards 

l’4. Once l1 coincides with l’4, they will have the same trajectory. Similar analysis can also be 

conducted for trajectories in R3 and R4. In conclusion, if l1 coincides with l’4, the operation is 

not stable. Although the adaptive step can improve the dynamic performance, it is a 

destabilizing factor to the control, which explains the phenomena in Fig. 4.14. 
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4.2.4.3 Impact of G2 

In order to guarantee the large signal stability of the mono-dimensional MDCS-MPC with the 

adaptive step, term G2 is proposed as in (4. 16). Due to (4. 71), the cost function (4. 15) can 

also be written as (4. 72). 

2 2

2

HV HV load

HV

dV I I

dt C


  (4. 71) 

2 22
1 2_ 2 22 2

2

( ) ( )HV ref HV HV load

s HV

ct V V I I
f C


     (4. 72) 

In light of the mechanism presented in Fig. 4.34, the expansions of region R2 and R3 are 

conducive to the stability. The control behaviours of MDCS-MPC with G2 are shown in Fig. 

4.37. 
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Fig. 4.37 Mono-dimensional MDCS-MPC control behaviours. 

In order to explain the control behaviours of Fig. 4.37, Fig. 4.38 is presented. Assume the 

operating point is in the region R4 coloured as a green dot in the figure. 
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Fig. 4.38 Explaination on the mono-dimensional MDCS-MPC behaviours with G2. 

Based on the definition of ct in (4. 72), the derivative of ct with respect to the load voltage is 

calculated as: 

2
1 2 22 2

2 2

2
-2 HV HV

HV s HV

ct
V I

V f C





   


 (4. 73) 

Therefore, if (4. 74) is satisfied, ct will decrease with VHV2. The MDCS-MPC does not change 

the control behaviour. 

2 22 1
2

2 2

HV
s HV

HV

I
f C

V









 (4. 74) 

However, once (4. 75) is satisfied, ct will increase with VHV2. The MDCS-MPC will decrease 

ΔIHV2 to slow down the increase of ct. The larger the weighting factor α2, the smaller the angle 

θ will be, and the operation will be more stable. This conclusion has explained the phenomena 

in Fig. 4.15 - Fig. 4.18. 

2 22 1
2

2 2

HV
s HV

HV

I
f C

V









 (4. 75) 

4.3 Small signal analysis 

In order to provide a quantitative assessment on the small signal dynamic performance of the 

mono-dimensional MDCS-MPC, the frequency response is utilized. The small signal models 

of DAB converters are often carried out to analytically derive their frequency response. 
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However, it is infeasible to describe the DAB converters with non-linear controllers. Another 

approach is utilized here. If a certain small sinusoidal perturbation signal that is applied to a 

nonlinear element always excites a sinusoid at the same frequency in the output, then such an 

element can be represented by its linear “equivalent” frequency response, which is commonly 

called a describing function ( see [118], ch.5). As a result, standard frequency domain 

techniques can be used to assess the characteristics of the converter which comprises nonlinear 

elements [119]. As for the analytical method (small signal modelling), the describing function 

method also needs to have assessments carried out based on a given equilibrium point. Small 

signal perturbations have been injected into the converter and responses have been measured 

with the correspondent frequency. This numerical method applies to both linear and non-linear 

controls.  
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Fig. 4.39 Frequency response sweeping circuit. 

The AC sweepings are carried out in the switching model with the equilibrium point 

260V/300V 1kW. Perturbations from 10Hz to 10kHz with amplitude of 0.01V are 

superimposed on the output voltage equilibrium value VHV2_ref=300V as shown in Fig. 4.39. 

The closed-loop transfer function is defined as in (4. 76). 

2

2 *

2

( )
( )

( )

HV

R O

HV

V f
G f

v f
  (4. 76) 

 

The results are presented in Fig. 4.40. In the figure, the closed-loop transfer functions in the 

frequency domain with different values of α2 and μ are shown. In observation of the solid lines 
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(α2=1), μ increases the amplitude of GR2O(f) in the high frequency range. When comparing lines 

with round markers (μ=3), it can be concluded that α2 has a negative impact to the amplitude 

of GR2O(f) in the low to medium frequency range. It can be concluded that parameters α2 and μ 

have clear implications on GR2O(f). Comparisons on GR2O(f) between the MDCS-MPC and the 

PI control discussed in Chapter 2 are also available in the figure. The PI parameters are 

designed based on the ideal/mathematical model under the equilibrium point 260V/300V 1kW. 

The control parameters are designed as Kp=0.05, Ki=10. The gain and phase margins are 15.4dB 

and 72deg, respectively. The crossover frequency is 570Hz. As shown in the figure, the 

frequency response line of PI sits between the blue and red lines of MDCS-MPC. If tuned with 

α2=1 and a μ between 3 and 11, the MDCS-MPC can present very similar frequency responses 

as the designed PI. 

α2  increases

μ  increases

 
Fig. 4.40 Sweeping results for GR2O(f) in (4. 76) under equilibrium point 260V/300V 1kW 

Evaluations on GR2O(f) with different terminal voltages are shown in Fig. 4.41. When MDCS-

MPC is used, GR2O(f) can largely be maintained with different terminal voltages. In comparison, 

the control parameters of the PI have to be designed based on a single equilibrium point. When 
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the operating point varies, GR2O(f) will change too. As shown in Fig. 4.41, when the input 

voltage VHV1 reduces from 260V (yellow line) to 180V (purple line), the amplitude of GR2O(f) 

varies significantly with the PI controller.  

 
Fig. 4.41 Frequency response with different input voltages in TPS 

The reference tracking performance of the PI and the proposed method in the time domain have 

also been compared. As shown in Fig. 4.42, the load voltage reference changes between 300V 

and 260V. At time instance t1, when the proposed control is used, D3 starts to increase 0.55ms 

before VHV2 reaches reference 260V. In contrast, when PI is used, D3 can only start to increase 

once VHV2 reaches 260V. A similar phenomena can also be observed at time instances t3 and t4. 

This feature ensures that MDCS-MPC provides better voltage tracking performance, as has 

also been verified in the experiments section 4.4 Fig. 4.48 and Fig. 4.49. 
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Fig. 4.42 Load voltage reference tracking. 

4.4 Practical results 

The experiment results are presented in this section. The description of the setup has been 

presented in Chapter 2 section 2.7.  

4.4.1 Stability 

Experiments are carried out where both the source voltage VHV1 and the load voltage reference 

VHV2_ref are 300V. The DAB is connected a resistive load, the mono-dimension MDCS-MPC 

with SPS is used where μ=7, α2=0, and the adaptive step is not enabled. In the experiment 

shown in Fig. 4.43, a load step up change is applied. The recovery time is significantly long.  
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There are two measures to improve the dynamic: increase µ and enable the adaptive step as 

shown in Fig. 4.44. The same test condition as in Fig. 4.43 is used to obtain the waveforms in 

Fig. 4.44. It can be seen from the figure that the convergence issue arises when the dynamic is 

improved. This has been explained in section 4.2.  

vac1 [500V/div]

iac1 [5A/div]

VHV2 [10V/div]

Iload [2A/div]

Time [4ms/div]

300V

 
Fig. 4.43 Load step up response with μ=7 and α2=0 

 

Time [4ms/div]

vac1 [500V/div]

iac1 [5A/div]

VHV2 [10V/div]

Iload [2A/div]

300V

 
Fig. 4.44 Load step up with adaptive step,  μ=7 and α2=0. 

After G2 is enabled in the cost function, as analysed in section 4.2.4.3, the weighting factor α2 

provides stabilization to the operation of MDCS-MPC as shown in Fig. 4.45. 

Time [4ms/div]

vac1 [500V/div]

iac1 [5A/div]

VHV2 [10V/div]

Iload [2A/div]

300V

 
Fig. 4.45 Load step up with adaptive step, μ=7 and α2=4. 
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4.4.2 Steady state 

The effectiveness of the steady state error compensation loop is verified in experiments with 

TPS. Waveforms of the MDCS-MPC without compensation are captured in presence of load 

variation at 20Hz as in Fig. 4.46. Except for the existence of the steady state error, without 

compensation, the proposed MDCS-MPC demonstrates a superior load disturbance rejection 

ability in the experiment. There is no oscillation in either transition or steady state. It is clear 

that there is a difference between the steady state values when changing the load power. When 

the compensation loop is enabled, the steady error can be much smaller compared to the results 

without compensations. Fig. 4.47 shows the steady state measurement results of the output 

voltage mean value. 

iac2[5A/div]

VHV2[20V/div]

vac1[200V/div]

Iload[2A/div]

299.07V297.46V

1kW

0kW

 
Fig. 4.46 MDCS-MPC controlled DAB loaded with load variations @20Hz. Prediction compensation 

disabled. VHV1=300V, VHV2_ref=300V. 
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Fig. 4.47 Compensation for the prediction error. Operation under VHV1=300V, VHV2_ref=300V over the whole 

power range. 

4.4.3 Dynamic 

Dynamic experiments with MDCS-MPC are conducted in comparison with the PI control 

designed in Chapter 2 section 2.6. In Fig. 4.48(b) and Fig. 4.49(b), the input voltage is set at 

260V, load voltage reference remains at 300V. The load power jumps between 1kW and 210W 

at a frequency of 20Hz. The performance of TPS deteriorates with the PI controller. In contrast, 

when MDCS-MPC is used, the performance remains good even when the terminal voltage is 

changed. The MDCS-MPC has good performance throughout the voltage and power range. 
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VHV2[20V/div]

vac2[200V/div]

Iload[2A/div]

300V 8ms
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300V
7ms
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5ms

1kW

210W

6V

 
(a) VHV1=300V, VHV2_ref=300V (b) VHV1=260V, VHV2_ref=300V 

Fig. 4.48 Load step up/down using MDCS-MPC in TPS 
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(a) VHV1=300V, VHV2_ref=300V (b) VHV1=260V, VHV2_ref=300V 

Fig. 4.49 Load step up/down using the PI controller in TPS 

Experiments on the step change of the reference voltage are also conducted. The output voltage 

reference is changed between 260V and 300V. The transition results are presented in Fig. 4.50 

and Fig. 4.51. In the experiment with MDCS-MPC, the voltage overshoot/dig is very small, 

thus ending in fast voltage tracking compared to the PI controller. The results again confirm 

the superior performance of the proposed MDCS-MPC in the regulation of load voltage. It is 

worth mentioning that the DC source is uni-directional. So the DAB is controlled uni-

directional. When reference steps down, there is a period of time when the energy on the output 

capacito is only consumed by load. 
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(a) from 260V to 300V (b) from 300V to 260V 

Fig. 4.50 Change of voltage reference VHV2_ref with MDCS-MPC 
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(a) from 260V to 300V (b) from 300V to 260V 

Fig. 4.51 Change of voltage reference VHV2_ref with PI 

4.4.4 Computation burden 

The computational time of the MDCS-MPC with TPS is evaluated as shown in Fig. 4.52. The 

PI controller takes 4.2us to run while, in contrast, the time to run MDCS-MPC varies with µ. 

In the experiment, µ=11 has already demonstrated good performance against the PI controller, 

and it only takes 18.6us. Since a 20 kHz switching frequency is utilized, 50us is available in 

one sampling period. Therefore, there is sufficient headroom for implementing A/D sampling, 

digital filters, MODBUS communication, protections etc.  
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Fig. 4.52 Measurement of computational time. 

4.5 Chapter summary 

The mono-dimensional MDCS-MPC which provides fast transition and large signal stability is 

presented in this chapter for DAB. The MDCS-MPC relies on the average model of DAB to 

derive the optimal control output by minimizing the cost function.  

The introduction of MDCDS-MPC begins with the basic operating principle. Two approaches 

to enhance the transition performance of MDCS-MPC are discussed. A cost function which 
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provides both reference racking and stability is derived. A compensation approach has been 

proposed to compensate for the steady state error. 

The stability analysis is carried out for MDCS-MPC. The phase portrait has been used as the 

main analysis tool. Three statements have been proposed to underpin the stability proof. For 

an easy start, a benchmark control is assumed where stability with current/resistive loads are 

analysed and proofed. The instability when controlled current saturates is explained. Based on 

all the above analysis, the stability with MDCS-MPC is addressed. This chapter has explained 

why the operation with current loads converges slowly, why the adaptive step makes the 

operation instable and why G2 can stabilize the operation. 

All the theoretical claims in this chapter have been verified by both simulation and practical 

results. 
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Chapter 5 Multi-dimensional MDCS-MPC 

When the mono-dimensional MDCS-MPC is used, as addressed in Chapter 4, there is only one 

control output. However, modulations such as DPS and TPS have more than one control 

variable. Therefore, in order to enable those modulations with mono-dimensional MDCS-MPC, 

the number of control variables has to be reduced down to one by conducting offline 

optimization as addressed in Chapter 2 section 2.4. The offline optimizations look into only the 

steady state efficiency improvements, which are not necessarily the optimal for dynamic 

performance.  

In this chapter, multi-dimensional MDCS-MPC is introduced. The multi-dimensional MDCS-

MPC has more than one output. A comparison between the mono-dimensional MDCS-MPC 

and the multi-dimensional MDCS-MPC is shown in Fig. 5.1. The optimization is conducted 

online with the multi-dimensional MDCS-MPC, which gives greater freedom to achieve faster 

dynamics whilst maintaining steady state efficiency compared to offline optimizations. 

Mono-dimensional 

MDCS-MPC

SPS-DAB/

optimized TPS-DAB/

optimized DPS-DAB

  

Df

 
(a) Mono-dimensional MDCS-MPC with SPS or offline optimized modulations 

Three-dimensional 

MDCS-MPC
TPS-DAB

D1

D2

D3

 
(b) Three-dimensional MDCS-MPC with TPS 

Fig. 5.1 Mono-dimensional and multi-dimensional MDCS-MPC. 

In this chapter, aiming to facilitate a clearer illustration, a two-dimensional MDCS-MPC with 

DPS shown in Fig. 5.2 is used to explain the theory that is also applicable to higher dimensional 

MDCS-MPC. The motivation of implementing online optimizations on advanced modulations 

with multi-dimensional MDCS-MPC is addressed in section 5.1. In section 5.2, the discretised 
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model of DPS is derived where two independent control variables are involved. The two-

dimensional MDCS-MPC utilizes the derived discretised model to predict future values of the 

load current, based on which calculations of the cost function are re-iterated. The operating 

principle of a two-dimensional MDCS-MPC resembles the description in Chapter 4 section 

4.1.2. However, differences are addressed in section 5.3 including the extension of the 

discretised control set and the use of two-dimensional searching method. In section 5.4, a cost 

function with a current stress minimization term is proposed. Performance evaluations of the 

two-dimensional MDCS-MPC are provided in section 5.5. Section 5.6 concludes this chapter. 

Two-dimensional 

MDCS-MPC
DPS-DAB

Dφ

Dd

 
Fig. 5.2 Two-dimensional MDCS-MPC with DPS 

5.1 Online v.s. offline optimization 

The advantage of carrying out the online optimization with multi-dimensional MDCS-MPC 

over the offline optimization is explained in this section. As introduced in Chapter 2 section 

2.2, active duties D1 and D2 are kept equal as Dd while the phase shift duty Dφ is controlled 

independently from Dd in the DPS. Both variables range from 0 to 0.5. 

According to the relationship between Dφ and Dd, there are four operating modes in DPS. They 

are identified as Mode I – Mode IV as in (5.  1). Each mode correspondends to a different 

expression for calculating the operating power. DPS predominately works in Mode I and Mode 

II depending on the load power [44]. Mode I can transfer more power than Mode II. Therefore, 

in the following discussion, only Mode I and Mode II of DPS are involved. 
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(5.  1) 

The generic transformer voltage and current waveforms for DPS Mode I and Mode II are shown 

in Fig. 5.3. The transformer peak current is designated as Ipeak. 
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Fig. 5.3 Generic waveforms for predominant operating modes in DPS. 

The offline minimization on the transformer peak current Ipeak has been conducted by L. Chen 

et al. [44]. Results are given as in (5.  2).  
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(5.  2) 

, where 



170  

 

2

1

HV

HV

V
M

V


 
(5.  3) 

The trajectories of (5.  2) are plotted in Fig. 5.4. According to Table 2.4 in Chapter 2 section 

2.4.1, power contours of DSP-DAB are represented by black lines in the figure[44]. Lines with 

other colours stand for operating trajectories with different values of terminal voltage ratio M. 

Dφ can be calculated by (5.  2) with the value of Dd generated from the controller. It can be 

seen from the figure that the operating trajectories have to follow predefined paths.  
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Fig. 5.4 Minimum transformer current stress trajectories with different terminal voltage ratio M. 

In this chapter, a two-dimensional MDCS-MPC is proposed to break the restriction defined in 

(5.  2). For example, as shown in Fig. 5.5(a), assuming the power reference is 0.48pu, if the 

offline operating optimization is used, the operating point moves from the origin to the steady 

state (marked with a red star) based on a predefined path. Dφ increases linearly with Dd. 

Alternatively, another trajectory in Fig. 5.5(b) breaks down the process into two phases. In the 

first phase, the operating point moves from the origin to the reference power following the 

trajectory perpendicular to the power contour line. In such a way, the operating power reaches 

its reference by the shortest path. In the second phase, the operating point slides on the 0.48 

power contour line until it reaches the same red star as in Fig. 5.5(a). During the second phase, 

the operating power remains fixed while only the transformer peak current is being reduced.  
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The operating trajectory described in Fig. 5.5(b) allows the converter to achieve both fast 

transition performance and minimum steady state transformer peak current. In the following 

sections, the implementation of the trajectory described in Fig. 5.5(b) based on the two-

dimensional MDCS-MPC is explained. 

  
(a) Predefined trajectory (b) Ideal trajectory 

Fig. 5.5 Tracking trajectory comparison 

5.2 Mathematical model 

The control objectives in this chapter are to regulate the load current and to minimize the 

transformer peak current. The two-dimensional MDCS-MPC relies on the discretized model of 

DAB to obtain the optimal control output (Dd, Dφ) by minimizing the cost function. In this 

section, the discretized model is developed based on the reduced order model which has been 

addressed in Chapter 4. The reduced order model of DAB is shown in Fig. 5.6.  
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Fig. 5.6 The reduced order model. 

Defining a function ɛ(t) representing the polarity of the voltage vac2 as: 
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(5.  4) 

When DPS is used, the controlled current <iHV2>Ts on the secondary side can be calculated as: 

2 2

1
( ) ( )

s

s

HV T ac

s T

i t i t dt
T

     (5.  5) 

, where iac2 is the transformer secondary side current. The results of (5.  5) are presented in 

Table 5.1. 

TABLE 5.1 THE AVERAGE MODEL OF DPS 
Mode <iHV2>Ts 

I 

2 2

1 [ 2 ( 0.5) ]HV Ts d

p s

V D D D

L f

     

 

II 
1 (2 )HV Ts d

p s

V D D D

L f

   

 

5.2.1 Challenge with PI 

For convenience, <iHV2>Ts is replaced by iHV2 in the following descriptions. The small signal 

model of the transfer function from Dd to iHV2 is obtained numerically by using the circuit 

parameters in Chapter 2 section 2.7. The sweeping diagram is shown as Fig. 5.7. Sinusoidal 

small perturbations are injected and superimposed on the steady state value of 𝐷𝑑 . 

Correspondent frequency components of the load current are measured. The control to output 

transfer function can be then calculated based on the measured data. 
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Fig. 5.7 Sweeping diagram of the transfer function GDPS(s)=iHV2(s)/Df(s). 
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Results are shown in Fig. 5.8 for two equilibrium points where 𝐷𝑑 equals 30 degrees and 170 

degrees. There exists roughly 20dB difference in magnitude posing difficulty for the design of 

PI controllers. However, when the MDCS-MPC is used, the terminal voltage information and 

the circuit model are embedded in the control algorithm. The control parameters associated 

with MDCS-MPC are expected to work in the full terminal voltage and power range. Detailed 

implementation of the two-dimensional MDCS-MPC is going to be addressed in sections 5.3 

and 5.4 in the chapter. 

 
Fig. 5.8 Sweeping results of two equilibrium points. The transfer function GDPS(s)=iHV2(s)/Df(s) is tested 

under 250V/270V terminal voltage condition. 

5.2.2 Error correction 

In practice, the calculation of iHV2 in Table 5.1 has errors due to the dead time, copper losses 

and core losses etc. Therefore, the load current prediction may not be accurate enough in Table 

5.1.  In order to address this issue, a compensation current Icomp is introduced and defined as in 

(5.  6). Icomp is calculated as the difference between the measured load current value iHV2_m and 

the predicted value iHV2. 

2 _ 2[ ] [ 1] [ 1]comp HV m HVI k i k i k     (5.  6) 
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, where iHV2_m[k+1] is the measured load current at time instance k-1. The compensated load 

current prediction value at k+1 can be calculated as: 

*

2 2[ 1] [ 1] [ ]HV HV compi k i k I k     (5.  7) 

5.3 Operating principle 

A preliminary cost function is given in (5.  8). It regulates the load current i*
HV2 to its reference 

iref. It is worth mentioning that ct in (5.  8) is not the finalized cost function, but one meant to 

help illustrate the operating principle of the two-dimensional MDCS-MPC. 

* 2

2( [ 1])ref HVct i i k    (5.  8) 

Two control variables Dd and Dφ are continuous in nature, however, in the digital control, Dd 

and Dφ need to be discretized. As with the mono-dimensional MDCS-MPC, the smallest phase 

shift value Δf that can be achieved in a digital control platform is calculated as: 

  s
f

c

f

f
 

 
(5.  9) 

, where fc is the peripheral clock frequency of the digital control platform. fs is the switching 

frequency. In this section, fc=100Mhz, fs=20kHz. Therefore, Δf equals 0.0002. Each of Dd and 

Dφ has been discretized into 0.5/Δf+1 elements for unidirectional power flow. Arrays in (5.  10) 

describe the discretised control sets for DSP-DAB.  

, {0, , 2 , ,0.5}d f fD D     (5.  10) 

In the digital control, the power contour plot has a discretised axis as shown in Fig. 5.9. The 

operating point in the contour plot is written as (Dd, Dφ). There are, in total, (0.5/Δf+1)2 points 

to be calculated in this plot. 

Calculating all of the possible operating points in one switching period is not practical on most 

standard microcontrollers. Therefore, similarly to the mono-dimensional MDCS-MPC 

introduced in Chapter 4, a reduced number of points is assessed in one switching period. In the 
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example shown in Fig. 5.10, µ(=9) points consist a control set that is assessed centred at the 

previous operating point (a, b).  
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Fig. 5.9 Discretised control variables in DPS. 
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Fig. 5.10 A conceptual process of the 2D MDCS-MPC 
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Fig. 5.11 describes how the control set moves with the operation illustrated in Fig. 5.10. During 

the control interval k to k+1 as shown in Fig. 5.11(a), nine points are evaluated centred at (a,b). 

According to the illustration in Fig. 5.10, the point (a+Δf, b+Δf) has the shortest distance to the 

reference contour resulting in the minimum ct. Therefore, this point is applied at time instance 

k+1. In the next control interval k+1 to k+2 as shown in Fig. 5.11(b), another nine points are 

evaluated centred at (a+Δf, b+Δf). According to the illustration in Fig. 5.10, the point (a+2Δf, 

b+Δf) results in the smallest ct. Therefore, this point is applied at time instance k+2, the control 

set becomes as shown in Fig. 5.11(c). This process continuous. The discretised control set 

moves with the operating point. 

                  

                  

Control set

Dd

Dφ 

 
(a) k to k+1 

                  

                  

Control set

Dd

Dφ 

 
(b) k+1 to k+2 

                  

                  

Control set

Dd

Dφ 

 
(c) k+2 to k+3 

Fig. 5.11 The two-dimensional moving discretised control set. 

As demonstrated in Chapter 4 section 4.1.3, increasing the number of points calculated in each 

switching period results in improvement of dynamic performance, but is a heavy computational 
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burden. A similar adaptive step approach as described in the mono-dimensional MDCS-MPC 

can be used to reduce the computational burden while maintaining dynamic performance. 

Detailed analysis on the adaptive step is addressed in Chapter 4 section 4.1.3.2, which is 

omitted here. The adaptive step for the two-dimensional MDCS-MPC addressed in this chapter 

is defined as in (5.  11) and (5.  12). 

2 2

2

[ ] , [ ]

                , [ ]

ref HV ref HV m

m ref HV m

i i k i i k I
I

I i i k I

   
 

 
 

(5.  11) 

2(1 )adp f I      (5.  12) 

5.4 Cost function 

Taking into account the computational delay, two-dimensional MDCS-MPC has a prediction 

horizon of two sampling periods. The cost function is thus proposed as: 

1 1 2 2+ct G G   (5.  13) 

, where 

* 2

1 2( - [ 2])ref HVG i i k   
(5.  14) 

_

2

2 ( )
const peak peak const

d d
P P I I

D D
G

D D 

 

 
 

   
(5.  15) 

The first term G1 is responsible for regulation of the load current to its reference value. When 

i*
HV2 is far from its reference, G1 plays a dominant role in the cost function. The second term 

G2 minimizes the transformer peak current online. Depending on the value of the weighting 

factor α2, the trajectory from the initial point to the steady state has different shapes. When α2 

is small, the trajectory behaves like Fig. 5.5(b). When α3 is large, the trajectory behaves like 

Fig. 5.5(a). Details about the term G2 is going to be addressed in this section. 

According to Table 2.4 and Table 2.5 in Chapter 2, expressions of the unified transformer peak 

current are derived as in (5.  16) [44].  
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(5.  16) 

The unity base is written as in (5.  17). 

1

4
base

s p

I
f L


 

(5.  17) 

The operating power is plotted as Fig. 5.12(a) in the form of a three dimension plot against two 

control variables of DPS. The constant power plane 0.5 intersects with the power surface, 

resulting in a line illustrated as Fig. 5.12(b).  
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ΔDφ
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(a) (b) 

Fig. 5.12 Power 3D plot and its contour plot. 

The slope of the tangent line illustrated in Fig. 5.12(b) is calculated as (5.  18). 
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(5.  18) 

Similarly, according to the expression (5.  16), transformer peak current Ipeak is plotted in Fig. 

5.13(a).  
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(a) (b) 

Fig. 5.13 Transformer peak current 3D and its contour plot 

Formula (5.  19) calculates the slopes of the tangent line in Fig. 5.13(b). 

_
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(5.  19) 

In light of the observation from both formulae (5.  18) and (5.  19), compared with the power 

expression and peak current formulas in (5.  16), the slopes in (5.  19) and (5.  18) are 

independent from the circuit parameters. They are relevant to only terminal voltages (VHV1, 

VHV2) and operating points (Dd, Dφ). Contour plots of both power and transformer peak current 

overlaps in Fig. 5.14.  
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Fig. 5.14 Overlapping of power and peak current contour plots 
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In the area of interests, if condition (5.  20) is satisfied, under the required operating power, the 

minimal transformer peak current point can be found. Hence G2 is defined as (5.  15) based on 

(5.  20).  

_const peak peak constP P I I

d d

D D

D D

 

 

 


   
(5.  20) 

The calculation of G2 relies only on the terminal voltages (VHV1, VHV2) and the operating point 

(Dd, Dφ). Therefore, it does not need any sensors for the transformer current. 

5.5 Algorithm flow chart 

The flow chart of the two-dimensional MDCS-MPC with DPS modulation is presented in Fig. 

5.15. It shows the calculation process in the control period k to k+1. The output of the control 

is the optimal control variable to be applied at time instance k+2. µ (=9) elements are utilized 

for illustration purpose.  

The evaluation process starts with the calculation of the adaptive step Δadp. It determines the 

step distance between two near values in the control set. The control set slides as described in 

Fig. 5.11. Then the following iteration starts for the two-dimensional MDCS-MPC:  

 The load current is predicted with nine elements in the control set.  

 Each load current prediction is corrected by the compensation loop.  

 Cost functions are calculated with each corrected load current prediction value  

The elements achieving minimal ct are then stored which are going to be applied at time 

instance k+2. 
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Fig.5.11
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i*
HV2[k+2] calculation 

(5.7), Table 5.1

 
Fig. 5.15 The flow chart of 2-D MDCS-MPC 
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5.6 Performance evaluations 

In this section, the introduced two-dimensional MDCS-MPC for DPS-DAB has been validated 

using the circuit diagram shown in Fig. 5.16. The DAB is interfaced between two stiff voltage 

sources VHV1 and VHV2. Only the load current iHV2 is controlled. Circuit parameters have been 

listed in Chapter 2 Table 2.9.  
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Fig. 5.16 Evaluated circuit 

5.6.1 Steady state performance 

A comparison on the transformer peak current Ipeak between the SPS and the DPS is shown in 

Fig. 5.17 under the terminal voltage condition 150V/320V over the operating power range from 

100W to 1kW. DPS shows advantage in the partial load power compared to SPS. When SPS 

is used Dd is always 0.5 throughout the power range. According to Fig. 5.4, Dd will eventually 

become 0.5 at full power when DPS is used. This explains the reason for the reduction in 

difference between the two curves with power. 
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Fig. 5.17 Comparisons on the transformer peak current between SPS and DPS under terminal voltage 

150V/320V. 

The steady state transformer terminal voltages vac1 and vac2, transformer secondary current iac2 

plus its peak value Ipeak calculated from (5.  16) and the load current iHV2 are shown in Fig. 5.18 

under the operating condition 150V/320V 600W. There is a difference of 1.13A between Fig. 

5.18(a) and (b) in peak current value Ipeak due to the employment of the duty phase shift Dd in 

DPS. 

  
(a) SPS (b) DPS 

Fig. 5.18 Time domain waveforms comparison under 150V/320V 600W. 

Another comparison on the transformer peak current Ipeak between the SPS and the DPS is 

shown in Fig. 5.19 under the terminal voltage ratio close to unity over the same operating power 

range as Fig. 5.17. DPS has lost the significant advantage compared to Fig. 5.17 where terminal 
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voltage ratio is far from unity. This is due to the reason that according to (5.  2), under the 

voltage condition 270V/300V, Dd in DPS is close to 0.5 across the operating power range. 
I p

e
a
k
 [

A
]

Power [W]

SPS
DPS

270V/300V

 
Fig. 5.19 Comparisons on the transformer peak current between SPS and DPS under terminal voltage 

270V/300V. 

The steady state transformer terminal voltages vac1 and vac2, transformer secondary current iac2 

plus its peak value Ipeak calculated from (5.  16) and the load current iHV2 are shown in Fig. 5.20 

under the operating condition 270V/300V 600W. There is a negligible 0.015A difference 

between Fig. 5.20 (a) and (b) in peak current values Ipeak.  

Based on the above results in Fig. 5.17 and Fig. 5.19, it can be concluded that DPS shows 

greater advantage in the transformer peak current reduction over the SPS when the terminal 

voltage ratio varies far from unity. However, as addressed in this chapter section 5.2.1, 

variations of the small signal model of DPS with different equilibrium points pose difficulty in 

the linear controller design. Hence the two-dimensional MDCS-MPC is introduced. The 

control performance of the two-dimensional MDCS-MPC is presented in the following sub-

sections. 
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(a) SPS (b) DPS 

Fig. 5.20 Time domain waveforms comparison under 270V/300V 600W. 

5.6.2 Dynamic performance  

The dynamic performance of the two-dimensional MDCS-MPC is evaluated in this sub-section. 

Two different measures to increase the transition speed are identified. The first approach to 

increase the dynamic performance is to increase the number of points µ calculated in one 

switching period. Load transitions from 0W to 1kW are performed in Fig. 5.21, Fig. 5.22 and 

Fig. 5.23 at time instance 0.05s. 

23ms

 

2ms

 
(a) Adaptive step disabled λ=0 (b) Adaptive step enabled λ=10 

Fig. 5.21 Transition from 0W to 1kW Two-dimensional DPS with 3*3 points are calculated in one switching 

period. α1=1, α2=0.1. VHV1=150V, VHV2=300V.  
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Comparisons among Fig. 5.21(a), Fig. 5.22(a) and Fig. 5.23(a) indicate that the increase of µ 

from 9 to 441 results in the reduction of the settling time from 23ms to 2ms. 

8ms

 

0.6ms

 
(a) Adaptive step disabled λ=0 (b) Adaptive step enabled λ=10 

Fig. 5.22 Transition from 0W to 1kW Two-dimensional DPS with 7*7 points are calculated in one switching 

period. α1=1, α2=0.1. VHV1=150V, VHV2=300V. 

Although the increase of µ is conducive to the control performance, the computational burden 

gets larger. Alternatively, the adaptive step approach as addressed in section 5.3 can be used. 

Comparisons between Fig. 5.21(a) and Fig. 5.21(b), Fig. 5.22(a) and Fig. 5.22(b) also Fig. 

5.23(a) and Fig. 5.23(b) have confirmed its effectiveness. 

2ms

 

Ts

 
(a) Adaptive step disabled λ=0 (b) Adaptive step enabled λ=10 

Fig. 5.23 Transition from 0W to 1kW Two-dimensional DPS with 21*21 points are calculated in one 

switching period. α1=1, α2=0.1. VHV1=150V, VHV2=300V. Adaptive step disabled. 
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5.6.3 Effectiveness of G2 

Fig. 5.24 shows a transition from 0W to 600W under voltage condition 250V/270V using the 

two-dimensional MDCS-MPC. A small value of the weighting factor α2 (0.1) is used. It can 

be observed from Fig. 5.24(a) that from point A to point B, the load current iHV2 remains 

constant while the transformer peak current Ipeak is reduced. Fig. 5.24(b) shows the control 

variables in time domain. Re-arranging the data Dφ and Dd in Fig. 5.24(b) as Y and X axis, 

respectively, and the trajectory of the operating point is obtained in Fig. 5.24(c). In the first 

phase from a point close to the origin to point A, approaching the reference load power/current 

contour is the priority. From point A to B, reduction of the transformer peak current becomes 

dominant in the cost function. 

A B

2.221A

3.527A

10Ts

 
(a) transformer and load currents 

 

A

B

 

(b) control variables (c) operating trajectory 

Fig. 5.24 Two-dimensional DPS with 7*7 points calculated in one switching period. Transition from 0W to 

600W. α1=1, α2=0.1. VHV1=250V, VHV2=270V. 
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Another evaluation is carried out in Fig. 5.25 where the term G2 is enabled at time instance 

0.05s. A clear peak current reduction is shown in Fig. 5.25(a) after the G2 is enabled. The steady 

state operating point has also been altered by G2 from C to D shown in Fig. 5.25(b) and Fig. 

5.25(c). 

C
D

 
(a) transformer and load currents 

 

C

D

 

(b) control variables (c) operating trajectory 

Fig. 5.25 Two-dimensional DPS with 7*7 points calculated in one switching period. G2 enabled at 0.05s. 

α1=1, α2=0.1. VHV1=250V, VHV2=270V. 

Another assessment with a larger value of weighting factor α2 has been conducted in Fig. 5.26. 

A larger value of α2 (10) gives more leverage on the reduction of transformer peak current when 

evaluating the cost function. In the steady state, as can be seen from Fig. 5.26(a), Ipeak is smaller 

than that of Fig. 5.24(a). However, due to the change of the operating trajectory in Fig. 5.26(c) 

compared to Fig. 5.25(c), the transition time is also increased from 10Ts to 100Ts. 
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(a) transformer and load currents 

 

B

 

(b) control variables (c) operating trajectory 

Fig. 5.26 Two-dimensional DPS with 7*7 points calculated in one switching period. Transition from 0W to 

600W. α1=1, α2=10. VHV1=250V, VHV2=270V. 

5.7 Chapter summary 

Two control objectives need to be achieved with DPS. The first one is the regulation of the 

load current; the second one is the minimization of the transformer peak current. To achieve 

the second objective, the optimization can be carried out offline or online. 

The advantage of the online over the offline optimization has been addressed. The online 

optimization breaks the restriction of the predefined path, which brings in greater flexibility to 

adjust the priority between the two control objectives during transition. 
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The implementation of the online optimization with two-dimensional MDCS-MPC is 

introduced. The two dimensional discretised control set and the search method have been 

illustrated distinguished from the mono-dimensional MDCS-MPC. A cost function, on one 

hand, regulates the load current. On the other hand, it reduces the transformer peak current 

value. The priority between the two control objectives can be adjusted by the weighting factors. 

The steady state comparisons between the SPS and the DPS are conducted. DPS shows a more 

significant advantage over SPS in transformer peak current reduction when terminal voltage 

ratio varies far from unity. The dynamic performance of the introduced two-dimensional 

MDCS-MPC has been assessed. The increasing of the calculating points in one sampling period 

enhances the dynamic. However, it aggregates the computational burden. Alternatively, the 

adaptive step approach can be applied, which enables fast transition even with a small number 

of calculations. The effectiveness of the transformer peak current reduction term G2 in the cost 

function has also been verified in the simulation. 
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Chapter 6 Stabilization of the DC distribution system 

At the current development stage of the More Electric Aircraft (MEA) technology, only 

roughly 0.5% of the total power is consumed in the form of electricity [120]. N multi-phase 

machines have been implemented for MEA applications [121]. Passive diode multi-phase 

rectification system is used for its robustness and reliability without posing much torque 

disturbance to the turbine [122], [123]. The DC distribution system in a typical more electric 

aircraft is shown in Fig. 6.1 (a). As shown in the figure, an inductor Lf is exploited for 

smoothing the DC bus voltage v1. A Dual-Active-Bridge (DAB) converter (Fig. 6.1(b)) is 

typically used to integrate energy storage elements to the DC bus [9], [13]. In this chapter, the 

impedance based system stability criteria is introduced first in section 6.1. Conventional 

stabilization approaches are addressed in section 6.2 and 6.3.  
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Fig. 6.1 (a) System configuration. (b) Circuit diagram of DAB. (c) Single Phase Shift (SPS) waveforms 
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6.1 Stability criteria 

In the MEA DC distribution electrical power system, a considerable number of tightly 

regulated AC/DC and DC/DC converters are interconnected on the DC bus [9]. These 

converters could behave as Constant Power Loads (CPLs) which show negative impedance 

characteristics. As a consequence, the system phase margin is reduced and 

oscillation/instability is possible [124]. The impedance model of a single bus multi-generator 

electrical power system has been evaluated in [125]. Based on the impedance model, stability 

criteria has been discussed by J. Sun [126] on grid-connected inverters and by R. D. 

Middlebrook [127] on voltage regulated DC/DC converters. Similar stability analysis approach 

is also reported in a MEA DC distribution system [128]. The stabilization controls can then be 

carried out based on the derived impedance model and the stability criteria. 

A simplified system of Fig. 6.1(a) is shown in Fig. 6.2 (a) [129] where prior stages including 

the diode bridge, PMSM and the gas turbine are replaced by an unidirectional DC source. The 

impedance model is shown in Fig. 6.2(b). DAB is responsible for regulating the battery current 

ib2 to its reference value ib2_ref.  

DABVHV
Lf rL
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Zout Zin
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Constant Power Load 

(CPL)

BAT
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v2
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DAB controls ib2
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Diode Bridge & LC filter DAB

 

(a) (b) 

Fig. 6.2 (a) Simplified system. (b) Impedance model 

According to the impedance model Fig. 6.2(b), the DC bus voltage v1 can be expressed as in 

(6. 1).  

1

1

1
HV

out

in

v V
Z

Z




 (6. 1) 

Equation (6. 1) represents a closed-loop control system as shown in Fig. 6.3.  
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VHV v1

-Zout/Zin
 

Fig. 6.3 Equivalent close-loop system to (6. 1). 

Therefore, according to the classic control theory, the DC bus voltage v1 is stable only when: 

 VHV is stable. When unloaded, the diode bridge output voltage is stable. The stability of 

VHV is dependent on the PMSM and gas turbine, which is out of the scope of this thesis. 

Therefore, it is not discussed further. 

 The impedance ratio Zout/Zin meets the Nyquist stability criteria [126]. Impedance Zout 

relates only to the circuit parameters Lf and Cf while Zin is affected by both circuit 

parameters and control algorithm.  

6.2 Passive damping 

In this section, stability criteria addressed in section 6.1 is applied to assess the stability of a 

DC system with the parameters listed in Table 7.2-Table 7.4. A passive damping approach is 

evaluated to stabilize the system. According to Fig. 6.2 (a), the expression of the LC filter 

output impedance Zout is calculated as (6. 2) where rL is the sum of the parasitic of inductor Lf 

and the extra added damping resistors. 

2
( )
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f L
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f f L f

sL r
Z s

L C s r C s


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 
 (6. 2) 

In general, an ideal Constant Power Load (CPL) of Zin is considered as the worst case scenario 

of system stability [124]. Therefore, a CPL Zin is assumed to be: 

2

1

in

const

v
Z

P
   

(6. 3) 

, where Pconst is the constant power consumed by the DAB converter.  
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The overlapping of both impedances (Zin and Zout) is plotted in Fig. 6.4(a). According to (6. 3), 

when the power increases, the amplitude of the impedance Zin decreases. A larger value of rL 

renders a lower peak in the amplitude of Zout, thus resulting in the increasing of the Gain Margin 

(GM). According to Fig. 6.4, it can then be concluded that when rL equals to 0.32Ω in the 

example, the amplitude of the impedance Zout is always below the amplitude of the impedance 

Zin such that the instability of DC bus voltage v1 can be avoided [130]. Another perspective to 

appreciate the stability issue is to use the Nyquist plot [129]. The Nyquist plots of the 

impedance ratio Zout/Zin are shown in Fig. 6.4 (b). With the increasing of value rL, the loop of 

the impedance ratio becomes smaller. When rL equals 0.32Ω, the loop does not encircle the 

critical point (-1,0), therefore ensuring a stable DC bus. 

Zout  rL=0.1Ω

Zout  rL=0.32Ω

Zin   P=1kW

Zin   P=10W

10W

1kW

 

rL=0.1Ω

rL=0.32Ω

 

(a) (b) 

Fig. 6.4 (a) Bode plot and (b) Nyquist plot of the impedance ratio in (6. 1) where v1=300V, Lp=283uH, 

Cf=380uF and Lf=11mH. 

According to the above analysis, a larger rL provides better damping to the DC bus voltage. In 

the meantime, loss is increased. When the rated power is small, as in this case 1kW. A 0.32Ω 

resistor induces only 3.6W (0.36%) extra conduction loss. However, when the rated power 

increases to 3kW, a 0.98Ω resistor is required which induces 98W (3.3%) extra conduction 

loss, projecting a lower efficiency. The proportion of the induced conduction loss increases 

with the power. Therefore, this passive damping approach is not suitable for high power 

applications. 
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6.3 Active Damping 

Conventional active damping controls typically deploy stabilization PI controllers in parallel 

to the original cascaded PI controllers [129]–[131]. However, this control structure inevitably 

brings degradation to the load regulation performance. Moreover, the paralleled stabilization 

PI controllers may incur saturation of the original PI controllers. As a result, the converters end 

up losing the load regulation ability. This phenomena will be elaborated in this section. 

There are two ways to stabilize the system: one is to suppress the amplitude of Zout as analysed 

in section 6.2 by passive damping; another approach is to shape the impedance of Zin by control 

without inducing extra losses. Typical active damping approaches change the phase of Zin in 

order to increase the Phase Margin (PM) [117], [129], [130]. A general illustration on 

impedance shaping of Zin is shown in Fig. 6.5(a).  
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Fig. 6.5 A general illustration on the increase of PM by using active damping approaches. Blue line 

represents Zout. Green line stands for Zin. 

The original phase of Zin is lifted up by the active stabilization control from -180 degrees to a 

value between 90 degrees and -90 degrees. This effectively increases the phase margin which 

is calculated as (6. 4) 

180PM    (6. 4) 

Another perspective in the Nyquist plot is shown as Fig. 6.5(b). The active damping controls 

stabilize the system by rotating, anti-clock wise, the loop of impedance ratio Zout/Zin in the 
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Nyquist plot. With sufficient rotation, the critical point (-1,0) can be expelled outside of the 

enclosed loop, thus ensuring stability.  

In this chapter, two active damping approaches are introduced. The first method is based on PI 

control and the second one is based on mono-dimensional MDCS-MPC. Relevant merits and 

drawback of those controls in this application are also going to be addressed in the following 

sections. 

6.3.1 PI based stabilization 

A PI based active stabilization controller is presented in Fig. 6.6. The stabilization control is 

implemented by a PI controller Gd(s) which regulates the AC components of the input voltage 

v1 to zero. In parallel to the stabilization PI controller, a PI based battery current controller Gi(s) 

is also implemented. 

G1(s)

Df

Df1

-VHV
Gd(s)

Df2

Stabilization control

Gi(s)
ib2

ib2_ref

G2(s)

v1
ib1

i1

-
- 1/sCf

DAB & Input filter

G3(s)

Battery current control

VHV

1/sLf

-

 
Fig. 6.6 An active damping approach based on the PI controller. 

The sum of the two controllers is then fed to the circuit model as the phase shift ratio Df 

demonstrated in Fig. 6.6. In this section, the simplified reduced order model is applied [132]. 

Controllers Gd(s), Gi(s) are defined in (6. 5) where kp1, ki1, kp2 and ki2 are PI control parameters.  

1

1( ) i

d p

k
G s k

s
  , 

2

2( ) i

i p

k
G s k

s
   

(6. 5) 

Transfer functions G1(s), G2(s) and G3(s) are derived based on the reduced order model as 

shown in Fig. 6.7. 
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Fig. 6.7 The reduced order model of the DAB. 

According to Chapter 2 section 2.3.1, with SPS, the controlled current ib1 and ib2 can be 

calculated as: 

2
1 (1 2 )b f f

s p

v
i D D

f L
   (6. 6) 

1
2 (1 2 )b f f

s p

v
i D D

f L
   (6. 7) 

For unidirectional power flow, apply the small signal perturbation to the model (6. 6) based on 

the equilibrium point yields the transfer function G1(s) as written in (6. 8) where variables with 

a bar represents the equilibrium point. 

2
1( ) (1 4 )f

s p

v
G s D

f L
   

(6. 8) 

Based on (6. 7), the partial derivative of ib2 with respect to Df and v1 are the transfer functions 

G2(s) and G3(s), respectively. G2(s) and G3(s) are given as follow: 

1
2 ( ) (1 4 )f

s p

v
G s D

f L
   

(6. 9) 

3 ( ) (1 2 )
f

f

s p

D
G s D

f L
   

(6. 10) 

An intuitive explanation on how the DC bus voltage can be stabilized is addressed herein. Fig. 

6.8(a) shows conceptually how the currents behave when only battery current control is applied. 

Since the battery current ib2 is tightly regulated to a constant value, the input bridge current ib1 

equals to Pconst/v1. AC components flows into the filter capacitor Cf causing the oscillation in 
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voltage v1. When the stabilization PI control loop is enabled, ib1 absorbs the AC components 

of i1 so that ideally the current ic remains constant. The stabilization on v1 is therefore achieved.  

DABVHV

Lf

Cf
v1

i1

BAT

ib2

v2

ib1
ic

 
(a) 

DABVHV

Lf

Cf
v1

i1

BAT

ib2

v2

ib1
ic

 
(b) 

Fig. 6.8 Intuitive explanation on the stabilization. (a) DAB controls only battery current control. (b) 

Stabilization control is enabled 

6.3.1.1 Control evaluation 

In order to evaluate how the PI parameters affect the control performance, the input impedance 

Zin and closed-loop control to output transfer function GR2O(s) of DAB need to be derived. The 

implications of the stabilization loop and the input LC filter on Zin and GR2O(s) are also going 

to be identified. To start with, Zin and GR2O(s) are derived without stabilization control loop and 

the input LC filter. The control block diagram is presented as in Fig. 6.9 where v1 is the input 

terminal voltage of DAB. 

According to the control block diagram Fig. 6.9, there is only one control loop. From ib2_ref to 

ib2 and from v1 to ib1, there is only one path for each. Therefore, calculations of Zin and GR2O(s) 

are presented in (6. 11) and (6. 12). 

21

1 1 3

1 ( ) ( )

( ) ( ) ( )

i

in

b i

G s G sv
Z

i G s G s G s


 


 (6. 11) 

2 2

2

2 _ 2

( ) ( )
( )

1 ( ) ( )

b i

R O

b ref i

i G s G s
G s

i G s G s
 


 (6. 12) 
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Df

Gi(s) ib2ib2_ref G2(s)

v1

-

DAB

G3(s)

Current control

G1(s) ib1

 
Fig. 6.9 Control diagram without LC input filter and stabilization control loop. 

The circuit parameters listed in Table 7.2 are applied. Current controller parameters kp2 and ki2 

are set to 0.02 and 100, respectively. The crossover frequency is 576Hz. The plots of Zin and 

GR2O(s) are presented as Fig. 6.10. According to the stability criteria presented in section 6.1, 

Fig. 6.10(a) indicates the instability of the DC bus voltage in presence of the LC filter 

(Lf=11mH). The magnitude of GR2O(s) decays at a rate around -10dB/dec after the crossover 

frequency. In fact, the magnitude of GR2O(s) always decreases after the crossover frequency if 

a PI controller is used. 

  
(a) (b) 

Fig. 6.10 Bode plots of (a) Zin and Zout. (b) GR2O(s) without stabilization control and input LC filter. 

Another phenomena associated with the bandwidth of the PI controller is shown in Fig. 6.11 

where Zin is calculated from both the ideal formula in (6. 3) and the control involved formula 

in (6. 11). After the bandwidth frequency, Zin calculated based on formula (6. 11) becomes less 
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“constant” and increases with the frequency while the ideal Zin remains constant in the whole 

frequency range. 

 
Fig. 6.11 Comparison between the ideal Zin from (6. 3) and calculated Zin from (6. 11). 

As discussed above, in order to stabilize the DC bus, a PI based stabilization control can be 

utilized. The stabilization control loop is expected to lift the phase of Zin as illustrated in Fig. 

6.5(a). Since the impedance Zin is an attribute of the converter which is only relevant to the 

DAB circuit parameters and associated controls. The input LC filter is excluded for now. When 

the stabilization control loop is enabled without the input LC filter, the control block diagram 

becomes Fig. 6.12(a). For a system with reasonably complex interrelationships, the block 

diagram reduction procedure is cumbersome and often quite difficult to complete. An 

alternative method – signal flow graph diagram for determining the relationship between 

system variables is used. In Fig. 6.12, both a control block diagram Fig. 6.12(a) and a signal-

flow graph diagram Fig. 6.12(b) are presented.  
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(a) Block diagram 
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(b) Signal-flow graph model 

Fig. 6.12 Control diagram without the input LC filter. 

According to the signal-flow graph diagram in Fig. 6.12(b), there is still only one loop and one 

path from ib2_ref to ib2. The loop gain L and the path gain P1 from ib2_ref to ib2 are calculated in 

(6. 13) and (6. 14). 

2(s) (s)iL G G   (6. 13) 

1 2( ) ( )iP G s G s  (6. 14) 

However, the number of paths from v1 to ib1 is increased by one with the stabilization control. 

Two path gains P2 and P2 are calculated as in (6. 15) and (6. 16). 

2 1( ) ( )dP G s G s  (6. 15) 

3 1 3- ( ) ( ) ( )iP G s G s G s  (6. 16) 

Therefore, according to the Mason’s formula, with the stabilization controller Gd(s), the input 

impedance can be calculated as: 



202  

 

21

1 2 3 1 3 1

1 ( ) ( )1
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 
 (6. 17) 

The closed-loop transfer function is calculated in (6. 18) which remains unchanged as (6. 12). 

2 21

2

2 _ 2

( ) ( )
( )

1 1 ( ) ( )

b i

R O

b ref i

i G s G sP
G s

i L G s G s
  

 
 (6. 18) 

The circuit parameters listed in Table 7.2 are applied. Current controller parameters kp2 and ki2 

remain at 0.02 and 100, respectively. Stabilization controller parameters kp1 and ki1 are set at 

0.01 and 10, respectively. 

  
(a) (b) 

Fig. 6.13 Bode plots of (a) Zin and (b) GR2O(s) with stabilization control but without input LC filter. 

As shown in Fig. 6.13(a), the stabilization control loop lifts up the phase of Zin from -180 

degrees to a range between -90 degrees and 90 degrees. Therefore, according to the stability 

criteria discussed in section 6.1, the DC bus voltage is stable. When comparing Fig. 6.10(b) 

and Fig. 6.13(b), it can be concluded that the close loop transfer function GR2O(s) is not affected 

by the stabilization control loop when the input LC filter is not included in the main circuit. 

When the input LC filter is incorporated and with the stabilization control also enabled, the 

control block diagram has been shown in Fig. 6.6. The gains GC(s) and GL(s) are defined as (6. 

19) and (6. 20).  
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1
( )C

f

G s
sC

  (6. 19) 

1
( )L

f

G s
sL

  (6. 20) 

The corresponding signal-flow graph diagram shown in Fig. 6.14 becomes much more 

complicated than the one presented in Fig. 6.12. 

Df
ib2ib2_ref

v1

ib1

Gi(s)

G2(s)

11 G3(s)

VHV

-1G1(s) GC(s)

Gd(s) GL(s)

-1

-1
-1 1

1

1

 
Fig. 6.14 Signal-flow graph model of the control block diagram in Fig. 6.6. 

There are four loops L1-L4 which can be calculated as in (6. 21)-(6. 24). 

1 2(s) (s)iL G G   (6. 21) 

2 C (s) (s)LL G G   (6. 22) 

3 C 1 3(s) (s) (s) (s)iL G G G G  (6. 23) 

4 1( ) ( ) ( )d CL G s G s G s   (6. 24) 

The path gains P1 and P4 from ib2_ref to ib2 are calculated as in (6. 14) and (6. 25). 

4 1 3( ) ( ) ( ) ( )i CP G s G s G s G s   (6. 25) 

The closed-loop control to output transfer function GR2O(s) can be then expressed as in (6. 26). 
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G s
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 
 

    
 (6. 26) 

According to (6. 26), the Bode plot of GR2O(s) is shown in Fig. 6.15. In observation of Fig. 

6.15(a) and Fig. 6.15(b), it can be concluded that the impedance Zout has impact on GR2O(s). 

There is an amplitude dip in each figure. The frequency of the amplitude dip is the same as the 

amplitude peak of Zout. The PI control parameters need to be designed and tuned on a different 

characteristic of Zout with the information of Lf known. 

kp1=0; ki1=0

kp1=0.01; ki1=10

 

kp1=0; ki1=0

kp1=0.01; ki1=10

 
(a) Lf=1mH (b) Lf=11mH 

Fig. 6.15 Bode plot of GR2O(s) with stabilization control and LC filter. kp2 and ki2 are set as 0.02 and 100. 

When the stabilization control parameters are reduced. kp1 and ki1 are set at 0.001 and 1, 

respectively. It can be observed that the stabilization loop has negative impacsts on GR2O(s). 

Therefore, when designing the control parameters, a compromise between the two control 

objectives has to be considered.  

Another observation with the PI controller is that when approaching the current regulation 

bandwidth, the phase of Zin will increase. This means that the stabilization is less “required” 

with higher resonance frequency. The stabilization control parameters have to be redesigned 

and tuned to minimize the impact to current reference tracking performance.  

Apart from above mentioned issues, the most vital problem with the PI based stabilization 

control presented in Fig. 6.6 is the control loop saturation. The saturation of the control loops 
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will cause the converter to lose the ability to regulate the load current or provide stabilization 

to the DC distribution system. Details are going to be addressed in section 6.3.1.2. 

6.3.1.2 Saturation issue 

The PI controller approach presented in Fig. 6.6 has been analysed theoretically without 

considering the saturation issue. In the application under investigation, the parameters designed 

in theory with the control structure shown in Fig. 6.6 may not be able to work due to controller 

saturation. The reason for causing the saturation is explained herein.  

Referring to Fig. 6.6, the sum of the control output is Df as calculated in (6. 27) where Df1 and 

Df2 are the outputs of the battery current controller and the stabilization controller.  

1 2f f fD D D   (6. 27) 

Three variables Df, Df1 and Df2 are subjected to the same range (6. 28). 

1 2, , [0,0.25]f f fD D D   (6. 28) 

According to (6. 27) and (6. 28), (6. 29) can be derived.  

1 20 0.25-f fD D   (6. 29) 

Defining ΔDf as 

1 2f f fD D D    (6. 30) 

Substituting (6. 30) into (6. 29) yields: 

1

1
0

8 2

f

f

D
D


    

(6. 31) 

The steady state value of Df2 has no influence on the system DC bus stability, However, Df2 

will reduce the range of Df1. In the worst case, if Df2 ends up being 0.25 in the steady state, the 

current controller loses the ability to adjust the phase shift Df. 

An illustration of this phenomena is shown in Fig. 6.16(a) where circuit parameters in Table 

7.2 are used. In phase I, before the stabilization is enabled, Dφ2 equals to zero. Dφ1 has the 
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ability to control the battery current ib2. However, after the stabilization loop is enabled, Dφ2 

becomes even larger than Dφ1 in the steady state during phase II. In the next phase III, the 

current reference is changed from 3.7A to 0.37A, Dφ1 drops to zero hence losing the ability to 

regulate the battery current in phase III. A faster stabilization loop will even worsen the 

saturation of Dφ1 from phase I to phase II. However, this problem can be alleviated by reducing 

the integrator parameter ki1 as shown in Fig. 6.16(b). 
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(a) (b) 

Fig. 6.16 (a) Saturation issue with PI controllers where kp1=0.02, ki1=100, kp2=0.003 and ki2=5. Circuit 

parameters in Table 7.2 are used. (b) Alleviation of the saturation with a slower stabilization loop where 

kp1=0.02, ki1=100, kp2=0.001 and ki2=0.1. Circuit parameters are listed in Table 7.2. 

6.3.2 Co-ordinated integration 

Parallel control structure has been often used where the active damping PI controller is in 

parallel with other PI controllers [129]–[131]. These PI controllers are independent from each 

other. This control structure inevitably brings the control loop coordination issue which can 

result in saturation. The converter may end up losing load power/voltage/current regulation 

ability.  

Aiming to solve this problem, a coordinated integration control is proposed as shown in Fig. 

6.17(b). The proposed approach utilizes two linked PI controllers which share their integration 

history value different from the independent PI control structure as shown in Fig. 6.17(a). The 

linked integrators provide coordination to control objectives which can effectively avoid the 
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saturation issue.  The coordinated integration control is easy to implemente in digital control 

platforms. 
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(a) Independent PI controllers with anti-windup 
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(b) Co-ordinated integration 

Fig. 6.17 PI based active stabilization methods 

Mathematical relationship between the proposed control and the conventional PI control is 

derived as follows: 

Assuming the phase shift duty calculated from the conventional PI controls is: 

_ _ _1 2PI PI PIf f fD D D   (6. 32) 

, where 

1 _ 1 1 1 1 1[ ] [ ] [ ]f PI p i sD err k k err k k T his k    (6. 33) 

2_ 2 2 2 2 2[ ] [ ] [ ]f PI p i sD err k k err k k T his k    (6. 34) 

err1[k] and err2[k] are the errors between the references and feedbacks. The integration history 

values can be expressed as: 
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i s
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his k k T err i




   (6. 36) 

Now, the same calculations for the phase shift duty from the coordinated integration control 

is carried out: 

_ _ _1 2f co co cof fD D D   (6. 37) 

, where 

1 _ 1 1 1 1

[ ][ ] [ ]
2f co p i s

his kD err k k err k k T    (6. 38) 

3 1 1

[ ][ ] [ ]
2i s

his khis k err k k T   (6. 39) 

2 _ 2 2 2 2 3[ ] [ ] [ ]f co p i sD err k k err k k T his k    (6. 40) 

The shared integration history value is: 

1 1

1 1 2 2

1 1

[ ] [ ] [ ]
k k

i s i s

i i

his k k T err i k T err i
 

 

    (6. 41) 

Based on the calculations in (6. 32) and (6. 37), (6. 42) can be concluded. 

_ _ 1 1[ ]f co f PI i sD D err k k T   (6. 42) 

Ts is usually very small. The two control approaches have nearly the same output phase shift 

duty except that the co-ordination integration approach can avoid the saturation. The control 

parameters designed in theory can be applied to practice without the worry of the loop 

saturation. 

The same test as in Fig. 6.16 has been conducted with the co-ordinated control. Results are 

shown in Fig. 6.18. It can be observed from the waveform that Df1 and Df2 remain close as (6. 

43) in the steady state when the stabilization control is enabled. 

1 2f fD D , 22f fD D  (6. 43) 
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Therefore, according to (6. 31), the range for Df1 is always (0, 0.125) which is mapped to (0, 

0.25) for Df. 

 
Fig. 6.18 Stabilization with co-ordinated control where PI controllers are set as kp1=0.02, ki1=100, kp2=0.003 

and ki2=5. Circuit parameters in Table 7.2 are used 

6.4 Chapter summary 

A scenario is investigated where the DAB converter is responsible for both load current 

regulation and DC system stabilization. The impedance stability criteria has been developed. 

Based on the criteria, the system stability is determined by the impedance ratio. In other words, 

if both input and output impedances at the connection terminal can be derived, the stability of 

the bus voltage can be assessed. 

Theoretical analysis on the passive damping has been performed. Results have shown that the 

passive damping approach can stabilize the system, however it brings in extra conduction loss, 



210  

 

the proportion of which increases with the power rating. Therefore, it has been concluded that 

passive damping approach is not suitable for high power applications. 

Active stabilization methods are therefore looked into as alternatives to passive damping 

approaches. Active stabilization methods are achieved by a control algorithm without inducing 

physical components. The PI based stabilization control has been addressed. The control has 

been also analysed by looking into the input impedance and the closed-loop control to output 

transfer function. It has been concluded that: 

 The system impedance has impact on the closed-loop transfer function. The PI control 

parameters have to be designed with the information of the system impedance. 

 The current regulation control loop and the stabilization loop have contradiction in their 

performance. The stabilization loop inevitably affects the performance of battery current 

regulation in a wide frequency range. 

Apart from the above challenge and issue, the conventional PI based stabilization control 

presents another vital problem with control loop saturation. The saturation phenomena has been 

addressed. A solution named co-ordination integration with little changes to the conventional 

PI control is proposed. The co-ordination links the integration elements of the independent PI 

controllers, thus preventing saturation for the two controllers. 
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Chapter 7 MDCS-MPC based system stabilization 

Inspired by the shortcomings of the state-of-the-art DC micro-grid stabilization methods 

mentioned above, a fundamentally different damping approach based on MDCS-MPC is 

proposed. The two control objectives of load regulation and input bus voltage damping have 

been incorporated in the cost function. Therefore, with the proper design of the weighting 

factors [133], the controller will never lose ability in load regulation.  

One of the advantages of MDCS-MPC is the flexibility to implement multi-objective control. 

In Chapter 4, the DAB converter achieves both load voltage regulation and large signal stability 

with the mono-dimensional MDCS-MPC. In Chapter 5, the DAB converter achieves both load 

voltage regulation and the transformer peak current minimization with the multi-dimensional 

MDCS-MPC. In this chapter, another scenario is investigated where the DAB converter is 

responsible for both load voltage regulation and DC system stabilization. Although both mono-

dimensional and multi-dimensional MDCS-MPC can be applied in this scenario to achieve 

multi-objective control, mono-dimensional MDCS-MPC with SPS (Fig. 6.1(c)) is chosen as an 

example to showcase the theory. 

The objectives of the mono-dimensional MDCS-MPC are, on one hand, to regulate the battery 

current i2 and, on the other hand, to stabilize the DC bus voltage v1. MPC is inherently a good 

choice for multi-objective optimization problems. In this section, the mono-dimensional 

MDCS-MPC with SPS is introduced for system stabilization control. The mono-dimensional 

MDCS-MPC discretizes the only control variable - Df into piecewise elements to fit into the 

principle of the well-known FCS-MPC. It enables the predictive stabilization approach in DAB 

converters. The discretised difference equation of the battery current ib2 is developed as in [132]: 

2
1_

[ ]
[ ] [ ](1 2 [ ] )b p f f

s p

v k
i k D k D k

f L
   (7. 1) 

1
2_

[ ]
[ ] [ ](1 2 [ ] )b p f f

s p

v k
i k D k D k

f L
   (7. 2) 
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, where ib1_p[k] and ib2_p[k] are the predicted terminal currents. v1[k] and v2[k] are the sampled 

terminal voltages. The input voltage v1 can also be predicted in the form of a difference 

equation as: 

1_ 1 1 1_[ 1] [ ] ( [ ] [ ])s
p b p

f

T
v k v k i k i k

C
     (7. 3) 

, where v1_p[k+1] is the predicted DC bus voltage. ib1_p[k] is the predicted terminal current from 

(7. 1). i1[k] is the sampled input current as demonstrated in Fig. 6.2(a). 

Taking into account the computational delay, MDCS-MPC has a prediction step of two 

sampling periods. The cost function is proposed as in (7. 4). v1dc is the DC component of v1, 

processed by a low pass filter. 

1 1 2 2ct G G    (7. 4) 

, where 

2

1 2_ 2_( [ 2])b ref b pG i i k    
(7. 5) 

2

2 1 1_( [ 2])dc pG v v k    
(7. 6) 

An intuitive perspective on how the cost function term G2 provides stabilization to the bus 

voltage v1 is explained. Fig. 6.8(a) shows conceptually how the currents behave when only G1 

is included in the cost function. Since the battery current ib2 is tightly regulated to a constant 

value, the input bridge current ib1 equals Pconst/v1. AC components flows into the filter capacitor 

Cf causing oscillation in voltage v1. After G2 is enabled, and dominants ct. If v1dc is larger than 

v1_p[k+2], according to (7. 3), the current ib1_p tends to be reduced in order to increase v1_p[k+2].  

If v1dc is smaller than v1_p[k+2], for the same reason, the current ib1_p tends to be increased in 

order to reduce v1[k+2].  As a result, ib1 absorbs the AC components of i1 so that ideally the 

current ic remains constant. The stabilization on v1 is therefore achieved. Practically, G1 and G2 

contradict each other. Their priorities in ct are influenced by the weighting factors, α1 and α2. 

The same operating principle, adaptive step and error compensation discussed in Chapter 4 can 

be applied also in this chapter. Sections 6.3.2.1 will briefly address those techniques to 

underpin further explanations on mono-dimensional MDCS-MPC based stabilization 
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7.1 Operating principle 

The variable Df is continuous in nature. Compared to the  MATLAB aided numerical method 

reported in [109], the mono-dimensional MDCS-MPC provides an online simplified 

optimization to the cost function in (7. 4). To implement MDCS-MPC, Df is discretized. The 

discretization precision is subjected to the control platform applied. Δf is defined in (7. 7)  as 

the finest phase shift value that can be achieved in a digital control platform. 

  s
f

c

f

f
   

(7. 7) 

, where fs is the switching frequency and fc is the peripheral clock frequency of the digital 

control platform. DAB works predominately in the range (7. 8) for bidirectional power flow. 

[-0.25,0  .25]fD   (7. 8) 

(7. 8) is further discretized into µm (=0.5/Δf+1) elements as described in array (7. 9). 

{-0.25 , ,0, , 2 , ,0.25}f f f fD    ，  (7. 9) 

In order to implement a control algorithm that is feasible on standard commercial 

microcontrollers, the mono-dimensional MDCS-MPC evaluates a reduced number of values in 

each sampling period. In one sampling period, µ (µ≤µm) number of points are assessed. They 

are centred at the previous working point.  

In order to explain the working principle of the MDCS-MPC, we assume the DAB is connected 

to a stiff voltage source. An intuitive illustration of the mono-dimensional MDCS-MPC is 

depicted in Fig. 7.1. In the control interval k to k+1, µ=3 points are evaluated centred at the 

previous working point Dφ[k] =a. When Dφ[k+1] equals a-Δf, a and a+Δf, the load current ib2 is 

predicted as ib2
(1)[k+2], ib2

 (2)[k+2] and ib2
 (3)[k+2]. The superscript represents the index of an 

element in the moving discretized control set. 
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Fig. 7.1 The operating principle of the MDCS-MPC for DAB. µ is set to be 3 for illustration. 

The moving discretized control set during the period k to k+1 is {a-Δf, a, a+Δf}. According to 

the illustration in Fig. 7.1, when Dφ[k+1]= a+Δf, the predicted output voltage ib2
 (3)[k+2] is the 

closest to ib2_ref. This results in the smallest cost function defined in (7. 4). Therefore, the value 

a+Δf is applied at time instance k+1 to Dφ. In the next control interval, the same process is 

repeated. However, the moving discretized control set has changed. It has become {a, a+Δf, 

a+2Δf}. The control set is moving with the working point within the domain of (7. 9). In this 

control interval, Dφ[k+3] = a results in the smallest cost function. Therefore, this value is 

applied at the time instance k+2. This process continues following this procedure. 

The evaluation has to be conducted first on the time allowed for implementing a control 

algorithm in one switching period. The time left for controls determines the value of µ. A larger 

value of µ can increase the transition dynamics, but it aggravates the computational burden. 

Therefore, an adaptive step method is proposed as shown in (7. 10) and (7. 11). The adaptive 

step Δadp changes with the deviation of the output current to the reference. When ib2 is far from 

the reference, Δadp grows largely. In contrast, when ib2 equals to the reference, Δadp becomes Δf.. 

So, the control accuracy remains. 
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2 _ 2 2 _ 2

2 _ 2

[ ] ,   [ ]

                  ,   [ ]

b ref b b ref b m

m b ref b m

i i k i i k I
I

I i i k I

   
 

   

(7. 10) 

2(1 )adp f I      (7. 11) 

, where Im is the saturation. λ is a coefficient related to transition performance which is 

empirically tuned to achieve required dynamic performance. A larger value of λ increases the 

current reference tracking speed, however, it may also increase steady state chattering due to 

sampling noises.  

The application of the reduced order model of DAB [132] renders errors in the predictions (7. 

1) and (7. 2). However, errors can be corrected by compensation terms defined as Icomp1 and 

Icomp2 in (7. 12) and (7. 13). Icomp1 and Icomp2 are calculated as the difference between the 

observed current values and the predicted values. 

1 1_ 1_[ ] [ ] [ ]comp b r b pI k i k i k   (7. 12) 

2 2 _ 2 _[ ] [ ] [ ]comp b r b pI k i k i k   (7. 13) 

, where ib1_r and ib2_r are observed currents at both terminals as calculated in (7. 14) and (7. 15). 

Due to the direct connection to a battery, ib2_r equals the sampling value. 

1_ 1 1 1[ ] [ ] ( [ ] [ 1])b r f si k i k C f v k v k     (7. 14) 

2 _ 2[ ] [ ]b r bi k i k  (7. 15) 

The control block diagram of the mono-dimensional MDCS-MPC is presented in Fig. 7.2. 

It shows the process of MDCS-MPC. The output of the control is the phase shift duty Df 

depicted in Fig. 6.1(c). µ number of elements are evaluated in the full control set (7. 9). The 

calculated points can be expanded on request of the particular applications providing enough 

computational power. The evaluation process starts with the calculation of the adaptive step 

Δadp. It determines the step distance between two adjacent values in the control set. The control 

set slides in the range described in (7. 9) centred at Df[k+1]. Then the iteration starts for the 

evaluation of ct. The bus voltage (v1_p[k+2]) and battery current (ib2[k+2])  are predicted with 

µ elements in the control set by (7. 2) and (7. 3). Predictions are corrected by the compensation 
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terms (7. 12) and (7. 13). The element achieving minimal ct is then stored in Df[k+2] which is 

going to be applied in the future instance k+2. 

DABVHV
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Cf
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i1

BAT
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v2

Adaptive step 

(7.10)(7.11)
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Identify 

control  set  
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Δadp

µ

Iterated evaluation of ct 

(7.4) 

Df

SPS

g1-g8

i1 v1 v2ib2

ib2_refv1_dc

g1-g8

 
  

Fig. 7.2 The control block of the MDCS-MPC 

7.2 Phase margin assessment 

In order to assess the frequency response, the small signal model of DAB converters is often 

carried out. However, this is infeasible to describe the DAB converters with non-linear 

controllers. If a certain small sinusoidal perturbation signal that is applied to a nonlinear 

element always excites a sinusoid at the same frequency in the output, then such an element 

can be represented by its linear “equivalent” frequency response, which is commonly referred 

to a describing function ( c.f. [118], ch.5) As a result, standard frequency domain techniques 

can be used to approximately assess the stability of the systems which comprise nonlinear 

elements. Therefore, the standard approach introduced in [134] has been used in this paper. 

Small signal perturbations have been injected into the converter and responses have been 

measured with the correspondent frequency. This numerical method applies to both linear and 

non-linear control systems. Theoretically it equals the analytical method which is based on the 

small signal modelling in linearization. Both methods need to have their assessments carried 

out based on a given equilibrium point. 
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In order to evaluate the performance of the mono-dimensional MDCS-MPC, the describing 

function approach has been used to sweep the input impedance Zin of the DAB controlled by 

mono-dimensional MDCS-MPC as shown in Fig. 7.3. 

+

-
Vdc

DAB

+

-
VHV2

DC

DC

+

-
vac

Injected

iac

Measured

Zin  
  

Fig. 7.3 The measurement diagram for the input impedance Zin. 

The input impedance can be therefore calculated based on the measured data as 

( )
( )

( )

ac

in

ac

v f
Z f

i f
  (7. 16) 

As shown in Fig. 7.4(a), without the stabilization term G2 in the cost function, the phase margin 

is -90 degree indicating that the DC bus voltage is not stable. This has also been confirmed by 

the Nyquist plot in Fig. 7.4(b). After the stabilization term G2 is enabled as in Fig. 7.5(a) where 

α2 equals to 0.1, the Gain Margin (GM) is 24.2dB indicating that the bus voltage is stable. The 

Nyquist plot in Fig. 7.5(b) has also supported the same conclusion. However, the GM is 

subjected to the peak amplitude of the LC resonance. A smaller stray resistance of Lf could 

reduce the GM. Therefore, the stability is not guaranteed. The phase margin can be greatly 

improved to 90 degrees by increasing the weighting factor α2 to 0.3 as in Fig. 7.6(a). This 

indicates that the bus voltage is stable. The Nyquist plot in in Fig. 7.6(b) has also supported the 

same conclusion. 
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Fig. 7.4 Stability assessment with mono-dimensional MDCS-MPC α2=0 @1kW 270V/270V. Circuit and 

control parameters in Table 7.2 and Table 7.3 are used. 
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Fig. 7.5 Stabilization with mono-dimensional MDCS-MPC α2=0.1 @1kW 270V/270V. Circuit and control 

parameters in Table 7.2 and Table 7.3 are used. 
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Fig. 7.6 Stabilization with mono-dimensional MDCS-MPC α2=0.3 @1kW 270V/270V. Circuit and control 

parameters in Table 7.2 and Table 7.3 are used. 

7.3 Current regulation performance 

The evaluations on the current regulation performance of the mono-dimensional MDCS-MPC 

and PI controllers have also been carried out using the describing function. Fig. 7.7 describes 

the sweeping circuit for the close loop transfer function. 
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 Fig. 7.7 The measurement diagram for the close loop transfer function 
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 Small magnitude sinusoidal signals ib2_inj have been injected on top of the battery current 

reference value ib2_ref. Battery current ib2 has been measured at frequencies correspondent to 

the injected ones. The close loop transfer function can be therefore calculated based on the 

measured data as 

2

2

2 _

( )
( )

( )

b

R O

b inj

i f
G f

i f
  (7. 17) 

The control parameters from Table 7.3 are used for the comparison. The closed-loop ib2_ref to 

ib2 transfer function has been swept in a resolution of 10Hz as an index to measure the current 

regulation performance under two different values of Lf. Fig. 7.8 shows the corresponding Bode 

diagram. When the mono-dimensional MDCS-MPC is used in Fig. 7.8(a). It can be concluded 

from the figure that the value of Lf affects only the battery current regulation near resonance 

frequencies. The mono-dimensional MDCS-MPC provides a good regulation of the current in 

the swept frequency range from 10Hz to 1kHz. In observation from Fig. 7.8(a), the damping 

term has less influence in the battery current regulation with smaller Lf.  When the Co-ordinated 

integration PI control based stabilization is used as shown in Fig. 7.8(b), the impact on the 

GR2O(f) remains large for smaller Lf. 

  
(a) MDCS-MPC (b) Co-ordinated integration 

 Fig. 7.8 Stabilization with mono-dimensional MDCS-MPC α2=0.1 @1kW 270V/270V. Circuit parameters in 

Table 7.1, Table 7.2 and Table 7.3 are used. 
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7.4 Time domain assessments 

The simulations exam how the conveter behaves in presence of uncertain input LC filters with 

and without stabilization control techiques.Comparisons between the three stabilization control 

techniques are also highlighted. Time domain assessments are carried out with the control 

parameters for conventional PI and the co-ordinated integration summarized in Table 7.1. The 

control parameters for MDCS-MPC are provided in Table 7.3. Circuit parameters in Table 7.2 

are used. 

TABLE 7.1 CONTROL PARAMETERS FOR TIME DOMAIN ASSESSMENT 

Parameter PI Co-ordinated integration 

kp1 0.02 0.02 

ki1 100 100 

kp2 0.001 0.003 

ki2 0.1 5 

The waveforms in the time domain are presented in Fig. 7.9. When mono-dimensional MDCS-

MPC is used, it shows a good compromise between the two control objectives. There are no 

drastic overshoot in the load current, and the bus voltage is stabilized reasonably fast. It is 

observed that when different values of Zin applied, the oscillation frequency varies. The mono-

dimensional MDCS-MPC is implemented without the knowledge of the input impedance Zin. 

However, mono-dimensional MDCS-MPC maintains the ability to provide fast stabilization 

and current regulation. 

On the contrary, the co-ordinated integration controller has been implemented and tested. The 

time domain waveforms are presented in Fig. 7.9(c) and (d). The detailed circuit parameter 

design is presented in chapter 6. The stabilization performace is similar to that of MDCS-MPC. 

However, there exists significant overshoot in the load current when the stabilization controller 

is enabled. As discussed in Chapter 6, to avoid control loop saturations, when the conventional 

PI control is used, slower stabilization loop has to be implemented resulting in slow dynamic 

shown in Fig. 7.9(e) and (f). 
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(c) Co-ordinated integration Lf=1mH (d) Co-ordinated integration Lf=11mH 
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 Fig. 7.9 Time domain stabilization waveforms under different values of Lf. 

A scenario where diode bridge rectification is used for AC/DC power conversion stage is 

assumed in our case of study as shown in Fig. 6.1(a). If there are no extra loads connected to 

the DC bus, bidirectional power flow is not possible. However, in a practical micro-grid 
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application especially when battery banks are involved, bi-directional operation is inevitable. 

The transition performance between positive full power and negative full power using the 

mono-dimensional MDCS-MPC and co-ordinated integration controller have been also 

simulated. Results are shown in Fig. 7.10 where the diode shown in Fig. 6.2(a) in series with 

the source VDC has been removed.  

In order to keep a similar current regulation between two controllers under Lf=1mH, the current 

regulation control paramters for the co-ordinatd integration are set kp1=0.01, ki1=10. It can be 

observed from Fig. 7.10, the current regulation performace changes drastically with difference 

LC impendace while MDCS-MPC can effectively mitigate the impact. This verified the 

effectiveness and superior performance of the proposed controller in both power directions 

under uncertain grid impedances. 
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(c)MDCS-MPC Lf=1mH (d)Co-ordinated integration Lf=1mH 

 Fig. 7.10 Transition between -1kW and 1kW  
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7.5 Practical results 

The proposed methodology has been validated on a 1kW 20kHz laboratory prototype. The 

circuit, control and hardware parameters are illustrated in Table 7.2-Table 7.4. Bench power 

supply EA-PS 9360-40 3U (1 Output, 0 V-360 V, 0 A-40 A) is connected in series with inductor 

Lf which has a stray resistance of 100mΩ. The electronics load M9715B 0-500V/1800W is 

used to emulate the battery. The experiment prototype is shown in Fig. 7.11. A 

TMS320F2837xD evaluation board from Texas Instruments has been adopted as the digital 

control platform which communicates with a host computer.  

 TABLE 7.2 CIRCUIT PARAMETERS 

Description Value Units 

Switching frequency fs 20 kHz 

Dead time td 1.6 µS 

Transformer turn ratio 20:20 / 

Primary power inductor Lp 300 µH 

Parasitic resistance Rp 50 mΩ 

Primary DC capacitor Cf
 380 µF 

Smoothing inductor Lf  11 mH 

Parasitic resistance rL 0.1 ohm 

Rated power 1 kW 

TABLE 7.3 MDCS-MPC CONTROL PARAMETERS 

Description Value Units 

Adaptive step saturation Im 1.5 A 

Adaptive step factor λ 1 / 

Searching points µ 11 / 

Weighting factor α1 1 / 

Weighting factor α2 0.3 / 

TABLE 7.4 HARDWARE COMPONENTS 

Component Description Parameters 

Switching devices SKM75GB128D VCES=1200V; Ic=100A 

Pri/Sec capacitors C4DEFPQ6380A8TK 380uF; 400V 

Magnetic components MnZn Ferrites; 3.9mm2 litz wire Lm=3mH; Lp=0.3mH 

Voltage sensors LV 25-P tr=40us 

Current sensors LA 55-p BW(-1dB) 200kHz 
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 Fig. 7.11 The DAB hardware setup. 

7.5.1 Stabilization 

The stabilization performances of the PI controller and MDCS-MPC are compared in Fig. 7.12. 

The DAB operates at the condition 1kW, 270V/270V. Before the stabilizations are enabled for 

both PI and MDCS-MPC, the DC bus voltage oscillates as predicted by the Bode and Nyquist 

plots in Fig. 7.4. It can be noted that when the DC bus voltage is oscillating, both controllers 

track the reference current well. There is no obvious oscillation in ib2. When the PI stabilizer is 

activated in Fig. 7.12(a). It takes 70ms to stabilize the DC bus voltage oscillation. While the 

MDCS-MPC is used, the value of α2 has a direct impact on the stabilization performance. The 

stabilizing time is decreased from 96ms to 45ms when the weighting factor α2 increases from 

0.1 to 0.3. The increase of the weighting factor has inevitably incurred a greater disturbance in 

the current ib2 during transition. But it is still reasonably small.  
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(a) PI controller (b) MDCS-MPC α2=0.1 
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(c) MDCS-MPC α2=0.3 

 Fig. 7.12 Stabilization comparisons 

7.5.2 Current regulation 

Battery current transitions have been performed. In Fig. 7.13(a)(c), the current reference ib2_ref 

is changed from 0.37A to 3.7A. Stabilization controls have been enabled in both the PI 

controllers and the MDCS-MPC. It can be observed from Fig. 7.13(a) that at the instance of 

change in current reference ib2_ref, there is a short period of oscillation in the battery current ib2 

and overshoot in the transformer current iac1. However, these phenomena have been avoided in 

MDCS-MPC due to a better coordination between the two control objectives. The settling times 

are 42ms and 94ms for the MDCS-MPC and the PI approach, respectively. In Fig. 7.13(b)(d), 

the current reference ib2_ref is changed from 3.7A to 0.37A. Stabilization controls have also 

been enabled in both the PI controllers and the MDCS-MPC. Similar conclusion can be drawn. 

The settling times are 80ms and 34ms for the MDCS-MPC and the PI approach, respectively.  
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(a) PI controller, load step up (b) PI controller, load step down 
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(c) MDCS-MPC α2=0.3, load step up (d) MDCS-MPC α2=0.3, load step down 

 Fig. 7.13 Load step down transition comparisons with stabilization control enabled 

7.6 Chapter summary 

A fundamentally different damping approach is established based on the mono-dimensional 

MDCS-MPC in this chapter. The basic operating principle remains similar to what has been 

discussed in Chapter 4. The cost function has been modified incorporating a system 

stabilization term. The impedance based stability analysis has been carried out with describing 

function. Comparisons between the PI and MDCS-MPC based stabilization control techniques 

have been presented in both time and frequency domain.  

Experiemnts on a pratical DC distribution system are conducted which verify all the theoretical 

claims. It has been demonstrated that the mono-dimensional MDCS-MPC is inherently a good 

choice for multi-objective control in DAB. It provides advantages listed as follows:  

 The system impedance information is not required for the implementation of MDCS-MPC 

based stabilization controls.  
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 Fast stabilization can be achieved while maintaining reasonably good load regulation 

performance. The stabilization term has only impact on the closed-loop transfer function 

in a limited frequency range centred at the LC resonant frequency. 

All theoretical claims have been confirmed through simulations and experiments. 
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Chapter 8 Conclusion and future works 

8.1 Conclusion 

The MPC has been successfully applied in DAB converters. The introduced MDCS-MPC 

shows the advantages in flexible multi-objective control. This thesis has looked into the 

applications of the MDCS-MPC concept for DAB converter in three different scenarios. 

The mono-dimensional MDCS-MPC which provides fast transition and large signal stability is 

presented in Chapter 4 for a DAB converter. The MDCS-MPC relies on the average model of 

DAB converter to derive the optimal control output by minimizing the cost function. The 

introduction of MDCDS-MPC begins with the basic operating principle. Two approaches to 

enhance the transition performance of MDCS-MPC are discussed. A cost function which 

provides both reference racking and stability is derived. A compensation approach has been 

proposed to compensate for the steady state error. The stability analysis is carried out for 

MDCS-MPC. The phase portrait has been used as the main analysis tool. Three statements 

have been proposed to underpin the stability proof. For an easy start, a benchmark control is 

assumed where stability with current/resistive loads are analysed and proofed. The instability 

when current saturates is explained. Based on all the above analysis, the stability with MDCS-

MPC is addressed. It has been explained why the operation with current loads converges slowly, 

why the adaptive step makes the operation instable and why G2 can stabilize the operation.  

The concept of MDCS-MPC has been extended into multi-dimensional optimization. In the 

case study, two control objectives need to be achieved. The first one is the regulation of the 

load current; the second one is the minimization of the transformer peak current. To achieve 

the second objective, the optimization can be carried out offline or online. The advantages of 

the online over the offline optimization have been addressed. The online optimization breaks 

the restriction of the predefined path, which brings greater flexibility to adjust the priority 

between the two control objectives during transition. The implementation of the online 

optimization with two-dimensional MDCS-MPC is introduced. The two dimensional 
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discretised control set and the search method have been illustrated, distinguished from the 

mono-dimensional MDCS-MPC. A cost function, on one hand, regulates the load current. On 

the other hand, it reduces the transformer peak current value. The priority between the two 

control objectives can be adjusted by the weighting factors. The steady state comparisons 

between the SPS and the DPS are conducted. DPS shows more significant advantage over SPS 

in transformer peak current reduction when terminal voltage ratio varies far from unity. The 

dynamic performance of the introduced two-dimensional MDCS-MPC has been assessed. The 

increasing of the calculating points in one sampling period enhances the dynamic. However, it 

aggregates the computational burden. Alternatively, the adaptive step approach can be applied, 

which enables fast transition even with small number of calculations.  

Finally, the mono-dimensional MDCS-MPC has been applied to address the DC system 

instability issue on MEA. The DAB converter is responsible for both load current regulation 

and DC system stabilization. Impedance stability criteria has been developed. Based on the 

criteria, the system stability is determined by the impedance ratio. In other words, if both input 

and output impedances at the connection terminal can be derived, the stability of the bus voltage 

can be assessed. The basic operating principle remains the same as discussed in Chapter 4. The 

cost function has been modified incorporating a system stabilization term. The impedance 

based stability analysis has been carried out with the describing function approach. It has been 

demonstrated that the mono-dimensional MDCS-MPC is inherently a good choice for multi-

objective control in DAB. It provides several advantages. The system impedance information 

is not required for the implementation of MDCS-MPC based stabilization controls. Fast 

stabilization can be achieved while maintaining reasonably good load regulation performance. 

The stabilization term had only impacts on the close loop transfer function in a limited 

frequency range centred at the LC resonant frequency. 

As explained in the chapter 3, to the best knowledge of the author, there found no literatures 

imposing advanced control methods in DAB with modulation techniques such as DPS and TPS. 

Comparisons to the PI controllers are conducted throughout this thesis. The summary of the 

relative advantages and drawbacks of MDCS-MPC over the conventional PI controller is 

shown in Table 8. 1. 
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TABLE 8. 1 SUMMARY OF THE RELATIVE ADVANTAGES AND DRAWBACKS 
Application PI control MDCS-MPC 

SPS 
Simple implementation with good 

overall erformance 

1. Weighting factor design is 

important to ensure stability.  

2. Computaional burdon is higher 

DPS,TPS 

Offline optimization 
Significant decteriration with 

different equilibrium points 

Good robustness against terminal 

voltage and power variations 

Online optimization / Flexibity in adjusting the priority 

Grid stabilization 
Not robust to grid impedance 

variation 

Adaptive to uncertain grid 

impedance 

8.2 Future works 

This thesis has introduced the MDCS-MPC. Some future work can be carried out based on the 

theories in this thesis, which are listed as follow: 

 Analysis on the feasibility for applying the MDCS-MPC on other power electronics 

converters.  Although this thesis has used DAB convertes as an example for the 

introduction of MDCS-MPC, the control method can be potentially applied in other power 

converters [135]. MDCS-MPC is particularly suitable for low order power converters with 

duty cycle or phase shift modulations. 

 Application of the phase portrait stability theory to other topologies and controls. This 

thesis has proposed and used phase portrait analysis for assessment of the stability when 

using mono-dimensional MDCS-MPC. The phase portrait approach is also promising in 

stability analysis for other low order power electronics converters. The application of such 

method in some simple power converters such as buck, boost and two/three level inverters 

are worth investigation. 

 Extension of the two-dimensional MDCS-MPC into other multi-dimensional MDCS-MPC 

with different modulation techniques. This thesis has utilized two-dimensional MDCS-

MPC with DPS modulation as an example to showcase the theory. However, similar ideas 

can be applied with modulation techniques which provide more than one control variable 

such as TPS modulation and modulation techniques involving variable frequency.  

 Investigation for the stabilization techniques for MEA DC distribution systems comprising 

multiple power electronics converters controlled by MPC. Predictive control has been 

widely investigated generally for its promising features in fast transition, easy inclusion of 
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non-lienar constraints, straightforward implementation etc. In the future DC distribution 

system, power converters may use MPC. When there are more than two power electronics 

converters in a DC system that are required for DC bus stabilization using the MDCS-

MPC described in Chapter 7, how those converters stabilize the DC system co-ordinately 

is an interesting topic. 
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