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Summary 

Power electronic converters can convert electricity from AC to DC form or vice versa 

in order to supply different types of loads. Among various developed converter 

topologies, three-phase pulse-width modulated (PWM) converters, built with fully 

controllable semiconductor devices, have been increasingly adopted by many power 

electronic applications. Examples include grid-connected inverters for delivering 

renewable energies into the utility grids, uninterruptible power supplies (UPS) for 

supporting emergency loads during mains outage, active power filters (APF) for power 

quality enhancement in distributed generation (DG) systems and active rectifiers for 

harmonic-free AC / DC power conversion. 

 

Development of proper control schemes for three-phase PWM converters is crucial to 

achieve intended functions such as high conversion efficiency, low harmonic distortion 

and accurate control of real and reactive power flows. Undeniably, many control 

schemes have since been proposed with specific advantages. Although less explicitly 

stated, all schemes may have disadvantages too, which is the main reason why 

research for an even better solution is still on-going. Contributing to that effort, a 

repetitive current control scheme is first presented in the thesis for three-phase PWM 

inverter interfaced to the ac mains. The proposed controller is designed using complex 

vector (CV) theory, and can inherently filter off ac grid background harmonics, 

preventing them from distorting the grid currents.  

 

Based on the developed CV repetitive control algorithm, a double loop control 

structure is subsequently presented for a three-phase power converter with LC output 

filter. As its output voltages can be regulated directly, the controlled power converter 

can provide undisturbed voltages to emergency loads in case of ac mains outage. 

Because of that, it is classified under UPS with its outer voltage loop capable of 
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rejecting load harmonics and inner current loop able to guarantee fast dynamic 

response. The resulting UPS system can therefore function well in both steady and 

transient states, for unbalanced and nonlinear loads. 

 

Traditionally, a grid inverter is connected to the utility grid through a single inductor. 

This inductive filter may become very bulky and costly in high power conversion 

systems as to attenuate switching harmonics. To reduce its overall inductance and 

hence size, an inductor-capacitor-inductor (LCL) filter is recommended for smoothing 

the output current of a switching power converter. Although effective, an LCL filter is 

a higher third-order filter that has its own stability and design concerns to address. 

Some of these challenges are investigated here, mainly on its inherent resonance 

damping characteristic and the development of a generalized design methodology. It is 

shown that in the ideal case, proper damping of LCL resonance can be achieved 

naturally without incorporating additional damping control techniques. If the ideal 

design criterion is not fulfilled, a simple compensation method is provided for tuning 

the damping factor to meet overall system stability. 

 

Besides supplying power to the utility grid and loads, a three-phase PWM converter 

can also be used for power quality enhancement in distributed generation (DG) 

systems, especially in weak power systems where the ac grid voltages are not stiff. To 

reduce system costs and improve its harmonic compensation ability, an LCL-filter is 

again used for constructing a shunt APF system. Relevant system implementation 

details are provided in the thesis, along with its generalized design approach and 

associated control algorithms. The developed shunt APF system covers a wide range of 

harmonic frequencies, and has some merits over conventional APF systems. 

 

Instead of adding active filter and / or other types of power conditioners, power quality 

improvement can be achieved by developing more advanced control schemes for an 

active rectifier performing AC / DC power conversion for a majority of dc power 

supplies. The resulting rectifier still provides the requested dc power, but injects less 
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low-order harmonic currents to the ac grid. Since harmonics are explicitly dealt with, 

the proposed rectifier uses the one-cycle control (OCC) scheme, which is known to be 

a nonlinear method with fast dynamic response for tracking purposes. The 

investigation also concentrates on non-ideal operating conditions such as unbalanced 

and / or distorted input voltages. An improved OCC scheme is proposed for 

suppressing these non-idealities, while keeping the physical controller simple. 

 

All  design methodologies and control algorithms proposed throughout the course of 

development have been thoroughly verified in simulation using MATLAB / Simulink 

and PLECS. Suitably scaled experimental prototypes have also been built in the 

laboratory for validating the practicalities of all theoretical findings.  
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Chapter 1 Introduction  

1.1 Background and Motivation 

Led by the rapid development of technology worldwide, power electronics has become 

an attractive research area for investigation with various converter topologies and 

semiconductor devices invented for modern applications. The basic functionality of a 

power converter is to convert electrical energy from one form to another. An 

il lustrative example of energy conversion is an AC / DC converter or rectifier, which 

can commonly be found in consumer electronic products, such as television sets and 

personal computers, to provide an appropriate dc power supply. Power levels can 

range from several watts to hundreds of megawatts. Recent examples are linked to the 

fast development of renewable energy and the growing adoption of decentralized 

sources for distributed generation, where the power converters in the range of tens of 

megawatts are in high demand for safe interfacing to the grid and high efficiency is a 

basic requirement for these converters. 

 

Besides development of renewable sources, many power system loads in residential 

and industrial facilities have some degree of nonlinearity. These nonlinear loads may 

produce or absorb harmonics to or from the grid, where the degraded power quality 

might affect distant sensitive loads because of the vastness of the grid. The affected 

equipment would likely be those found in hospitals, defense and critical semiconductor 

industries, whose shutdown would be lengthy even if not detrimental. To minimize 

shutdowns and their accompanied economical losses, a number of related standards 

(IEEE-1547 in the USA and IEC61727 in Europe) have long been in force to govern 

the amount of harmonics that can be injected into utility grids. 

 

For critical missions, it is also common for custom-power conditioners like active 
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power filters (APF) and uninterruptible power supplies (UPS) to be installed at the 

customer end for a fail-safe solution, which may lead to comparatively high cost. A 

more attractive alternative is to embed power conditioning within renewable grid 

converters, which are gradually becoming basic necessities because of environmental 

concerns and growing demands for energy. Such additional functionality might help to 

encourage faster adoption of renewable energy, which now has even more attractive 

advantages. 

 

With such impressive and practical developments, it is obvious that power electronics 

has many important roles to play in the modern world. These roles, whether as power 

quality enhancers, renewable energy conditioners or industrial drivers, are made 

possible through appropriate control techniques. Development of control techniques is 

thus an important pillar supporting research in power electronics with many inventions 

over the years. Among the common objectives for controller design, one of them is the 

precise control of current, which represents system power for a strong network with 

firm voltage. It can be achieved in the stationary or synchronous frame with the latter 

further divided into the fundamental and harmonic synchronous frames. Examples in 

the stationary reference frame include the dead beat control [1], [2], hysteresis control 

[3], [4], and proportional resonant (PR) control [5]-[7], and examples in the 

fundamental reference frame include linear proportional integral (PI) control [8]-[10] 

and sliding mode control [11], [12]. 

 

Each control method has its own unique features. Some commonly cited references 

can be found in [13], [14], where hysteresis controller is stated to have better 

performance than others in both stationary and synchronous frames. However, the 

hysteresis control is known to suffer from unwanted interaction between phases, and 

has a variable switching frequency. For a fixed switching frequency, a linear PI 

controller in the stationary frame is the simplest to implement, but usually has 

accompanied amplitude and phase tracking errors. The only way to overcome this 

drawback is to transform the controlled variables to dc quantities in the synchronous 
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reference frame before applying PI control. 

 

Although effective, compensation of harmonics using the synchronous PI scheme is 

still extremely complex with multiple harmonic reference frames involved. These 

complexities translate to higher computational burden, which may lead to degradation 

in both steady-state and transient responses. Other existing control schemes also have 

their own shortcomings, which so far have not been promptly addressed. 

Improvements are therefore possible even though current control of power converters 

is quite a mature area. 

 

While designing the controller, it is important to consider the filter types at the 

converter input and output ports since they affect the overall system dynamics. Earlier 

efforts have mostly focused on a simple inductive (L) filter for current control, which 

might not be too relevant because of the growing interest in the 

inductor-capacitor-inductor (LCL) filter. Being a higher third-order filter, the LCL 

arrangement provides much better harmonic attenuation, while using smaller passive 

elements. It is thus more suitable for higher power conversion systems, and has already 

been widely used in wind farms of over hundreds of kilowatts [15]-[17]. Unfortunately, 

an LCL-filter can trigger stability problems usually linked to higher-order systems. The 

underlying reason is related to resonance. When it happens, it causes the system to 

appear as zero or very low impedance. 

 

This stability concern is further complicated by the availability of two possible current 

feedback variables. Unlike the L filter whose current is the only variable for sensing, 

current feedback with LCL-filter is more flexible with three options for selection, 

namely grid current sensing, converter current sensing or computing their weighted 

sum from a re-organized LCCL arrangement studied in [18]. In [19], grid current 

feedback is recommended, after it was shown through root locus analysis to be slightly 

more stable than converter current feedback. An optimized design algorithm for 

LCL-filter was proposed in [20], based on which a system can be stabilized at certain 
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switching frequencies even without damping. However, the results in these references 

show low-order harmonic distortions in their line currents. Even more confusing is the 

findings by other researchers, who had verified that excellent steady-state and transient 

performances can be obtained by converter current feedback with some degrees of 

damping introduced [15]. The question about which type of current feedback control is 

truly more stable is therefore left unanswered.   

 

With these challenges to explore and the growing importance of power electronics, the 

theme of this thesis is firmly set on the design of advanced control schemes for 

commonly used three-phase voltage-source converters (VSCs). The same theories can 

equally be applied to current-source converters (CSCs) based on duality between the 

two classes of converters. For more stringent applications, LCL filter is explicitly 

considered with its accompanied control schemes designed accordingly. Issues like 

feedback variable selection, stability, damping, harmonic compensation, disturbance 

rejection and control simplification for industry relevance are promptly discussed, 

while designing the new control schemes and generalized design methodologies. The 

relevant contributions to knowledge are now elaborated as follows. 

1.2 Major Contributions of the Thesis 

A number of original contributions, which have been achieved throughout the course 

of research, are explained as follows: 

1.2.1 Design of Complex-Vector Repetitive Current Control Schemes 

A complex-vector repetitive control scheme has been proposed for grid converters to 

achieve high current tracking precision and good disturbance rejection that are 

comparatively better than existing schemes. The proposed control scheme was 

originally based on a mixed combination of stationary and synchronous frames, which 

could still be complex depending on the processor or microcontroller chosen for 

implementation. For an even simpler implementation, mathematical derivation was 
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performed to arrive at an alternative that could fully be implemented in the stationary 

frame, and hence avoiding the computationally intensive frame transformation. 

Whether in the mixed or full stationary frame, the proposed control scheme is 

generally less demanding in hardware requirements since it requires simple arithmetic 

and only a small amount of memory for storing delayed control variables. 

1.2.2 Design of Repetitive Control Schemes for UPS Applications 

Based on the proposed complex-vector repetitive control and other existing methods, a 

number of repetitive control schemes have been proposed for UPS applications, 

covering both single and double-loop layouts. Although the bulk of this thesis is about 

current control, repetitive voltage control should not be skipped because of its 

originality and relevance to the huge power supply industry. Again, the main control 

building blocks assembled are memory and simple transfer functions formulated with 

either no or one control zero for cancelling the plant pole. The presented schemes have 

high compensating gains only at those typical harmonic frequencies, and are therefore 

more robust and less sensitive to implementation noise. Applying them to UPS 

application then results in an output voltage that is less affected by load types 

(nonlinear and / or unbalanced) and load dynamics. 

1.2.3 Investigation of Inherent Damping Characteristics of LCL -Filter s 

A generalized design methodology for an LCL-filter in grid-tied inverter has been 

proposed. The knowledge discovered is that there is an inherent damping term 

embedded in the feedback loop when converter current is used for control. Such 

internal damping can be brought out for use by selecting the grid- and converter-side 

inductors appropriately. Upon doing so, resonances are damped naturally by feeding 

back the converter-side current without requirement for an external state observer or 

active and passive damping. When exposed to tough design conditions, the damping 

information contained in the converter-side current can also be extracted via a 

second-order notch filter, before using it for further tuning purposes. 
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1.2.4 Design of LCL -Filter -Based Shunt Active Power Filter  Systems 

The design methodology described in Section 1.2.3 has been extended to shunt active 

power filters (SAPF) with an LCL-filter added at the output. The resulting SAPF has 

improved switching harmonic suppression and a lower total inductance. The latter is 

especially important for SAPF, whose current must have high slew rate for tracking the 

desired harmonic reference. Requirements for SAPF are thus more demanding with a 

number of them now clarified in the thesis. These requirements are closely related to 

the selection of LCL-filter parameters, control bandwidth design, filter damping and 

simplified implementation. 

1.2.5 Improved Regulation of One-Cycle Controlled Active Rectifiers  

Until now, only linear control is considered. For even better dynamics, nonlinear 

control is deemed as more appropriate. No doubt different types of nonlinear control 

are available, but in this thesis, only one-cycle control (OCC) is considered because of 

its simplicity and hence ease of realization in practice. OCC nonetheless has some 

performance limitations that are not yet identified and solved. These challenges are 

discussed in the thesis with an improved OCC scheme eventually proposed for power 

converter control. Its performance has been verified with a three-phase active rectifier, 

whose requirements are more demanding on OCC especially at high power rating and 

low switching frequency. 

 

The proposed system has been shown to solve even-order sideband harmonic problems 

faced by the traditional OCC scheme via a double-edge integration strategy. 

Introducing the LCL-filter has also helped to bring down costs, while yet 

compromising system stability because of two designed damping techniques added for 

nullify ing the LCL resonance. Comparative studies have been performed to show that 

the improved OCC scheme has better conversion efficiency and lower total harmonic 

distortion (THD). Consideration is extended to non-ideal ac input for three-phase 

active rectifier, which may happen in weak ac power systems. Mathematical analysis 
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has demonstrated how harmonics at the input and output sides of the rectifier can be 

computed and then reduced using a simple compensation scheme added on to the main 

OCC core. Analog implementation of the overall OCC scheme has also been discussed 

to show that simplicity of the original OCC scheme is preserved. 

1.3 Organization of the Thesis 

The thesis comprises nine chapters organized as follows: 

 

Chapter 1 introduces the background and motivation of this work as well as 

summarizing all original contributions documented in the thesis. 

 

Chapter 2 reviews existing control techniques for three-phase PWM converters. It 

discusses the essential relationships among PI, PR and repetitive control schemes and 

elaborates on the basis of OCC. Recent related developments are also discussed with 

their benefits and limitations identified. The knowledge gained helps in the 

understanding of new control schemes and generalized design procedures proposed 

from Chapter 3 onwards. 

 

Chapter 3 introduces the concept of complex-vector PI control from which the 

complex-vector repetitive current control scheme is proposed and illustrated on a 

grid-tied inverter. Mathematical analysis is presented for two equivalent variants in 

either the mixed synchronous-stationary or fully stationary frame. Both share the same 

theoretical transfer function, but differ in hardware complexity. 

 

Chapter 4 extends the analysis from Chapter 3 with a double-loop control structure 

presented for voltage control of a power converter with an output LC filter. The 

presented scheme is compared with existing alternatives to clearly identify their 

respective steady-state and dynamic characteristics.   
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Chapter 5 considers LCL-filter when added to the output of a power converter. 

Mathematical model of the filter is established, before using it to identify inherent 

damping characteristics. Two current control schemes are then presented with 

resonance damping considered. 

 

Chapter 6 extends LCL-filtering consideration to shunt active power filters (SAPF) 

with a discussion of the design, control and implementation issues. A generalized 

design procedure is subsequently presented and tested with an analytical design 

example. 

 

Chapter 7 adds an LCL-filter to an OCC-controlled active rectifier before proposing 

double-edge integration scheme for solving even-order harmonic problems. 

Comparative studies show that lower THD and higher conversion efficiency can be 

achieved by the proposed system. 

 

Chapter 8 improves on Chapter 7 with the performance of active rectifier examined 

under non-ideal operating conditions. Mathematical proof identifies the dominant 

system harmonics caused by distorted ac input voltages, from which an improved OCC 

scheme is presented for minimizing their influences without adding hardware. 

 

Chapter 9 concludes research findings presented in the thesis and suggests some 

prospective research topics for future investigation.
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Chapter 2 Existing Control Techniques for Three-Phase 

PWM Converters 

2.1 Introduction  

With rapid growth of energy demand and increasing concern about environmental 

sustainability, renewable energy sources, like photovoltaic (PV), hydro, biomass and 

wind power are gaining momentum in place of traditional fossil fuels. Three-phase 

PWM converters are used to transfer the generated power to the utility grid or loads. 

To realize this grid-tying function, power converters must operate with closed-loop 

control so as to follow certain commanded references. Design of proper control 

schemes is therefore crucial and has in fact been a relevant topic for many power 

electronic applications in addition to grid-interfacing. 

 

Various control schemes for three-phase PWM converters have been proposed with 

each claiming some forms of improvement. This chapter briefly reviews fundamental 

control knowledge and introduces the control schemes that are popular and relevant to 

the research contributions of this thesis. The essential relationships among 

proportional-integral (PI), proportional-resonant (PR) and repetitive control are 

introduced. The basis of one-cycle control (OCC) and its recent developments are also 

elaborated. Material presented in this chapter is therefore not exhaustive, but would 

definitely helps with understanding of concepts proposed in subsequent chapters. 

2.2 Basic Concepts about Power Converter Control 

In this section, some basic concepts related to power converter control are discussed 

before reviewing existing control schemes for three-phase PWM converters. 

Understanding of these basic concepts helps greatly with control design targeted at 
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power conversion systems. 

2.2.1 Control Objectives 

Fig. 2-1 shows the basic control block diagram applicable to a three-phase PWM 

converter. The control objective is to force the converter current to follow some 

predefined reference, which is either obtained from an outer voltage loop or computed 

from a demanded power. The instantaneous converter current is measured and 

subtracted from its reference before their error is forwarded to a designed controller to 

achieve the control objective. The controller produces the required gating signals either 

implicitly or explicitly using an external modulator. The gating signals are then 

channeled to the gates of the switching devices for driving the converter. The 

generated converter current should be able to track its reference as close, and as 

quickly as possible, and this is usually regarded as one of the most important criteria to 

judge the performance of designed current controllers. Besides this point, the 

controller should also be able to suppress system inrush current in the startup of power 

conversion, which is typically caused by charging of bulky dc side electrolytic 

capacitors. Moreover, some ñgreen modeò power supplies need to comply with very 

critical efficiency requirements under light load conditions, and in this case, burst 

mode operation has to be considered in the controller design to save power losses and 

to satisfy such requirement. The latter two factors are beyond the scope of this thesis 

and will not be discussed here. 

 

Fig. 2-1. General control block diagram of a three-phase PWM converter. 
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As mentioned above, the converter is operating based on switching actions, and its 

immediate output is pulsating, and hence not possible to produce a smooth continuous 

current. Even upon filtered, the converter current would still contain harmonics or 

ripples, whose amount is frequently reflected by single-term performance indicators. 

One commonly used indicator is the total harmonic distortion (THD), whose 

expression is written as: 

 

2 2 2 2

(2) (3) (4) ( )

( )

(1)

h

i

i i i i
THD

i

+ + + +
=  (2.1) 

where subscript h denotes the order of each harmonic current. 

2.2.2 Switching Frequency 

Switching frequency represents the rate at which semiconductor switches are 

commutated within the converter. A higher switching frequency leads to lower current 

ripple, but increases the overall system losses. A compromise therefore exists, and 

would usually depend on the system power rating. For higher power systems 

considered in this work, switching frequency in the range of 5 to 10 kHz is appropriate 

and is therefore chosen for design and experimentation. 

 

It should further be noted that the switching frequency is not necessarily constant, and 

it can be varied either intentionally to get a spread spectrum or unintentionally due to 

the control scheme. An example for the latter is hysteresis current control, whose 

switching frequency depends heavily on system parameters and might therefore cause 

electromagnetic compatibility (EMC) problems [13]. Filter design for hysteretically 

controlled converter might also be difficult  even though its dynamic response is fast 

and implementation is simple. 

2.2.3 Limits of DC-Link Voltage 

Voltage output of a PWM converter is obtained by switching each phase to two 

discrete dc-link voltage levels. Multilevel converters are not considered in this thesis, 
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but if necessary, the developed control schemes can also be extended to them with 

simple manipulation of their PWM schemes. Regardless of the number of levels, the 

dc-link voltage must be higher than the line voltage amplitude of the grid or back 

electromotive force (back-EMF) in order for the converter to have full control over its 

output. This means modulation index m defined as in (2.2) should always be limited to 

less than or equal to 1.15 assuming that triplen offsets have been added for modulation. 

 12 / 1.15a dcm v V= ¢  (2.2) 

where 1av  represents the peak fundamental voltage of phase a, and Vdc represents the 

dc-link voltage. 

 

Index m can of course rise above 1.15 to produce a larger fundamental voltage, but its 

modulation would no longer be linear with sizable amount of low-order harmonics 

produced. This scenario is referred to as over-modulation, and should generally be 

avoided for control design because of prominent harmonic influences. On the other 

extreme, m should not be too low since switching harmonics increase with the decrease 

of m [26]-[29]. A compromise is roughly recommended as between 0.8 and 0.9 for 

nominal load conditions. 

2.2.4 Effect of Phase Interference 

If the neutral point N of the three-phase ac source in Fig. 2-1 is connected to the 

midpoint M of the power converter, a three-phase four-wire system is formed. Each 

phase of the converter would then be fully independent, allowing zero-sequence 

current to flow and return through the neutral line. On the contrary, such independence 

does not exist for three-phase three-wire system without the neutral connection. 

Current flow in a three-wire system is determined by the states of all phase legs, and 

not solely by the state of the corresponding phase leg. When that happens, the relevant 

current controller is said to experience phase interference or dependency, which can 

have damaging effects like those high frequency limit cycles experienced by hysteresis 

control [21], [23]. 
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Phase dependency is not always detrimental, and in fact has an important advantage 

linked to the addition of triplen offsets during modulation to lengthen the linear 

modulation range by 15% [30]-[32]. More explanations on it can be found in [33]-[35] 

and [36]-[39], where space vector and discontinuous modulations are respectively 

introduced. The common principle shared by these modulation schemes is that their 

added triplen offsets appear only in their phase-leg voltages, and not their fundamental 

output currents because of the absence of a zero-sequence path. Their output current 

ripples would however be different because of variations introduced to their 

commutation state sequences. 

2.2.5 Reference Frame Transformations 

As mentioned in Chapter 1, for a balanced three-phase three-wire power system, the 

control variables are normally transformed from abc frame to dq frame so that they 

become DC quantities. Simplified calculations can then be carried out on these 

imaginary DC quantities before performing the inverse transformation to recover the 

real three-phase AC results. In many literatures, such transformations served as the 

fundamental knowledge to design various controllers, either in the synchronous 

reference frame or stationary frame, for achieving accurate power flow control, as well 

as complicated system harmonic compensation. Because of its importance, the 

mechanism of the associated frame transformation will  also be introduced in this 

section for ease of understanding the contents presented in the following chapters. 

 

Usually, the transformation from abc frame to dq frame is performed in two steps, first 

from abc to Ŭɓ to create an orthogonal system, and then from Ŭɓ to dq to make the 

system to be time invariant. The principles of these two transformations are depicted 

by Fig. 2-2(a) and Fig. 2-2(b), respectively. They can also be mathematically written as 

(2.3) and (2.4), respectively. 
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where S is the transformed signal that can be either the converter voltage or current, 

 

(a) 

 

(b) 

Fig. 2-2. Reference frame transformations from (a) abc to Ŭɓ frame and (b) Ŭɓ to dq 

frame. 
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and ɗ is the angle difference between dq and Ŭɓ reference frames, and the coefficient 

2

3
 on the right-hand side of (2.3) is to keep power balanced during frame 

transformations. 

 

In order to reconstruct the reference signals that are required for PWM generation, 

inverse frame transformations can be simply obtained by taking the transpose of the 

matrices shown in the above equations. 

2.3 Linear Controllers  

A linear controller normally consists of a current regulator for tracking its reference 

and a modulator for generating gating signals. The latter can be any existing 

carrier-based or space vector modulator with a constant switching frequency and a 

well-defined spectrum. Modulating signal to the modulator comes from the current 

regulator, which presently has many options. This chapter concentrates only on those 

related to the thesis. 

2.3.1 PI Control lers 

Stationary frame PI controllers, also known as ramp comparison controllers, use three 

independent compensators to produce the required modulating commands. Each 

compensator has a proportional and an integral gain to set the control bandwidth and 

steady-state tracking errors, respectively. The latter should preferably be zero, but 

cannot be achieved because of the finite integral term at non-zero frequencies. A 

simple remedy is obviously to use larger gains to push down the errors, but doing so 

moves the system closer to its stability limit, and hence should be avoided. Other 

recommendations include the use of an additional phase-locked loop (PLL) [40] and 

voltage feed-forward correction [41], [42], whose effects are not as good as performing 

PI control in the synchronous frame. 
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Unlike the stationary frame, the synchronous frame rotates at the same angular 

frequency as the control variables, hence making them appear like dc quantities named 

as d and q components. PI control is then suitable since its infinite integral term at dc 

would easily force the steady-state d and q errors to zero. Unfortunately, due to the 

presence of system inductance L, cross-coupling between d and q components exist, 

whose impact is a longer transient duration. To decouple these components, the scheme 

shown in Fig. 2-3 can be implemented, where two diagonal L dependent blocks are 

added. Presence of these blocks however causes the controller to be dependent on 

system parameters, whose values may vary widely [5], [6]. 

 

Adding decoupling blocks, as shown in Fig. 2-3 may, also be viewed as moving the 

two complex conjugate poles of the system to the real axis, so that they can be 

cancelled out by the PI controller. Instead of ñforwardò moving the plant poles, 

ñinverseò shifting of the PI zeros can equally be performed to arrive at the 

complex-vector (CV) PI controller [43], [44], whose effect is the same as that shown in 

Fig. 2-3 since they share the same theoretical basis. 

 

 

 

Fig. 2-3. Synchronous reference frame PI control with dq cross-coupling term 

decoupled. 
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2.3.2 PR Controllers 

Avoiding frame transformation, PR controller in the stationary frame is an attractive 

alternative introduced in [5] for ac current regulation. As shown in Fig. 2-4, this 

concept is simple and simply involves placing an infinite resonant peak at the 

frequency of regulation. The infinite gain then forces the steady-state error to zero at 

the frequency of interest. This concept does sound like the inverse of synchronous 

frame PI since it places resonant peak of controller at signal frequency, while 

synchronous PI does the reverse of placing signal frequency at the resonant or integral 

peak. Such inverse equivalence has already been proven in [6], where mathematical 

procedure has shown how the PR controller can be derived from the synchronous 

frame PI controller. Because of this relationship, the resonant part of the PR controller 

  

(a) 

 

(b) 

Fig. 2-4. (a) The essence of a PR controller and (b) its frequency domain Bode plot. 
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can be regarded as an ac generalized integrator [45], whose response is different from 

the controller proposed in [46]. The controller in [46], [47] is in fact more unstable 

since it creates a 90° phase lag at the frequency of interest even though it has the same 

denominator in its transfer function.  

 

Another merit of the PR controller is its ability to simultaneously compensate for 

positive and negative sequence components in an unbalanced three-phase system. To 

realize the same function using PI controller, the control variables must first be 

 

(a) 

 

(b) 

Fig. 2-5. Resonant banks for SHC implemented in the (a) stationary reference frame 

and (b) synchronous reference frame. 
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transformed to the positive and negative sequence frames before being processed by PI 

compensators in the individual frames. Such multi-frame transformation is definitely 

more complicated. 

 

Because of its simplicity, more functions can be added to the PR controller, while not 

stressing the digital processor or microcontroller used to implement it. One popular 

attempt is to connect multiple resonant terms in parallel to realize selective harmonic 

compensation (SHC) [48]. A diagram showing SHC is given in Fig. 2-5(a) with its 

transfer function written as: 

  ä
= +

=
...7,5,3

22)(1
)(

2

h o

ih
sh

hs

sK
G

w
 (2.5) 

 

In (2.5), h represents the odd harmonic order only since even harmonics are usually 

absent in a typical power system. Each value of h is also written to have its own 

resonant gain Kih, which can independently be tuned to produce different compensation 

performance. The controller thus obtained will not affect the dynamics of the 

fundamental PR controller so long as the highest harmonic frequency considered falls 

within the system control bandwidth. This certainly is the case since each resonant 

peak is limited to only a very narrow frequency range. 

 

In addition to its stationary frame variants, PR controller can be implemented in the 

synchronous frame to achieve compensation of multiple harmonics with reduced 

computational efforts. A good example for illustration is to consider the fifth 

negative-sequence and seventh positive-sequence harmonics typically found in a 

three-phase three-wire system. These harmonics, when transformed to the fundamental 

synchronous frame, appear as sixth positive and negative-sequence harmonics. That 

means a single resonant controller tuned at the sixth harmonic frequency and placed in 

the fundamental synchronous frame can compensate for the fifth negative-sequence 

and seventh positive-sequence harmonics in the stationary frame. Other harmonics like 

the eleventh negative-sequence and thirteenth positive-sequence in the stationary frame 
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can similarly be compensated by a twelfth resonant term in the fundamental 

synchronous frame. That then leads to the following SHC expression in the 

fundamental synchronous frame for compensating even more (6h ± 1) harmonics. 
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A block diagram illustration of (2.6) is shown in Fig. 2-5(b), which when implemented 

for three-phase three-wire systems, results in all typical harmonics being compensated. 

Surely, (2.5) can be used in place, but its computational requirement is two times more 

since a resonant term is needed for each harmonic frequency. Equation (2.6) is 

therefore preferred for three-phase three-wire systems if  non-characteristic harmonics 

are absent. 

 

So far, the resonant terms considered have not taken into consideration the decoupling 

blocks drawn in Fig. 2-3. This is generally fine for standard 50 or 60 Hz since their 

influences are quite small at those frequencies. For systems with higher order 

harmonics to compensate or in 400-Hz aircraft power systems, the decoupling term 

can no longer be ignored. Taking them into consideration, the CV concept is discussed 

in [48] for modifying the resonant controller after studying the plant model. The 

modified resonant controller can then neatly cancel out the complex poles of the plant 

at the chosen harmonic frequencies. Expected outcome would be an improvement in 

the closed-loop response, as verified by [48]. Also verified in [48] is the ability of the 

CV resonant controller in compensating for the highest 37
th
 harmonics, while the 

conventional PR controller can only compensate for the 19
th
 harmonic. 

2.3.3 Repetitive Controller s 

As discussed in the above section, SHC can be accomplished by cascading multiple 

resonant controllers in parallel. No doubt, they can function well under most situations, 

but as the compensation criteria become more stringent like more high frequency 
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components needed to be attenuated, performance of the basic transfer functions 

degrades gradually, while their computational burden increases steadily.  

 

Instead of using direct resonant terms, an indirect simplified approach for realizing 

SHC is to use the repetitive control theory, which is developed from the internal model 

principle [49]. Conventional repetitive control with only a single positive feedback 

delay has already been discussed in [50]-[53], whose aim is to compensate for all 

harmonics found in a UPS subject only to practical implementation constrains. The 

same repetitive control scheme has subsequently been applied to other common power 

electronics applications, like APF and DC / DC boost converter, as described in [54], 

[55]. Other developments can be found in [56] and [57]. In [56], a modified adaptive 

control scheme has been proposed for achieving better steady-state performance when 

subject to external disturbances and plant uncertainties. Complementing, [57] merges 

repetitive and deadbeat control theories to arrive at a faster transient response. 

 

In spite of their differences, those described repetitive schemes have the same positive 

 

(a) 

 

(b) 

Fig. 2-6. Hybrid repetitive control with (a) positive and (b) negative feedback and 

feed-forward paths. 
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feedback of signal, which may be unfavorable at times because of the likely 

amplification of noise. To minimize this likelihood, negative feedback repetitive 

control scheme is recommended as an alternative [58], [59]. Instead of introducing 

high gains at all harmonics, negative feedback scheme produces high gains only at odd 

harmonics, which in principle are enough for compensating typical load harmonics. No 

amplifying of noise at even harmonics is possible since the controller gains there are 

all zero. Implementation wise, negative feedback scheme may have a slight advantage 

since its delay time is half of the positive feedback scheme, which in practice translates 

to a smaller memory requirement for storing delayed data if the same signal resolution 

is enforced for both schemes. 

 

Other than negative feedback, improvements like adding a single feed-forward delay 

path [60] or phase lead compensation [61] to the original feedback structure have been 

proposed with their common objective being to enhance overall tracking accuracy and 

stability. More specifically, [60] introduces two alternative repetitive control schemes 

with their control block diagrams shown in Fig. 2-6. This figure clearly shows that the 

control schemes can be viewed as the cascaded connection of a delayed feedback path 

and a delayed feed-forward path that represent the classical repetitive and Posicast 

control [65]-[67], respectively. Mathematical analysis in [55], [60], [62] has already 

shown their close linkages to the resonant controller with their transfer functions 

derived as (2.7) for Fig. 2-6(a) and (2.8) for Fig. 2-6(b). 
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Apparently, (2.7) and (2.8) are multiple harmonic compensators that can be used for 

eliminating all harmonics and odd harmonics, respectively. The extent of computation 

needed would be intensive if actual multiple resonant compensators are used. 

Fortunately, with the schemes presented in Fig. 2-6, only a single delay block is needed 
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for digital implementation. These hybrid repetitive control schemes are therefore 

attractive and promising alternatives for industry applications. 

 

More recently, the control scheme shown in Fig. 2-6(a) is smartly shifted to the 

synchronous reference frame with its delay time shortened to one sixth of the 

fundamental period (Td/6) [68]. The resulting transfer function is expressed as (2.9), 

which obviously has a term that looks close to (2.6). This implies that the developed 

repetitive controller is capable of compensating typical (6h±1 ) harmonics found in 

three-phase three-wire systems, while yet avoiding the burden of implementing (2.6). 

This certainly is an advantage shared by most, if not all, repetitive schemes. 
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Equation (2.9) can further be transformed to the stationary frame according to [6] with 

the same performance preserved. This latest controller, together with all other 

repetitive controllers, would still face the same problem of performance deterioration 

at high compensating frequencies. The reason being mismatched pole / zero 

cancellation of the system plant. This deficiency will lessen the attractiveness of the 

repetitive control schemes, which fortunately can be solved by adopting the approach 

contributed in Chapter 3. 

2.4 Nonlinear Controllers 

For nonlinear current controllers, the on / off states of semiconductor devices in power 

converters are usually determined by some predefined switching rules and / or logic 

operations, instead of using modulators. Their dynamics are also much faster because 

of the absence of bandwidth limits in their control loops. Nonlinear control is therefore 

at times popular, examples being OCC, neutral networks control, fuzzy logic control 

and hysteresis control [13]. This section focuses only on OCC because of its proven 

popularity in commercial power electronic products [69]-[91] and relevance to this 
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thesis. 

 

OCC is often quoted as a large-signal nonlinear control method originally developed 

for controlling DC / DC power converters. Its basic operating principle, as shown in 

Fig. 2-7, is to control the switching duty ratio such that integration of a chosen control 

variable is exactly equal or proportional to its reference in every switching cycle [69], 

[70]. Due to this precise cycle by cycle regulation, OCC features instant reference 

tracking, good rejection of source side perturbations and a constant switching 

frequency. Stability of OCC has been discussed in [70], where it was proven that OCC 

is globally stable if its chosen control variable is independent of its input signal. For a 

complex system whose input to its switch is a function of other state variables, OCC 

can still be stable and produce zero tracking error in both steady and transient states. 

That however is subjected to certain duty ratio limitations. 

 

Extending its application to AC / DC power converters, OCC is subsequently adopted 

for single-phase active power factor correction (PFC) in continuous conduction mode 

(CCM). Relevant control objectives defined are unity power factor operation and 

sinusoidal input current waveforms even with a front-end diode rectifier bridge 

[71]-[73]. Unlike linear controllers, OCC achieves these objectives without using any 

analog multiplier and ac line sensing for reference current generation. It also does not 

 

Fig. 2-7. One-cycle control of a buck converter. 
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need a fixed oscillator commonly used for saw-tooth ramp generation. Instead, in 

OCC, its output error from the differential amplifier is integrated over each clock cycle 

to generate a variable slope ramp, whose amplitude depends on its loading level. 

 

This ramp signal is then synthesized with the error voltage and current sensing signal 

to produce the final gating pulses. With these unique features of OCC, the designed 

PFC circuit uses less external passive components for control implementation and 

electromagnetic interference (EMI) filtering. Undoubtedly, this translates to a smaller 

footprint, and hence higher power density. To improve on OCC performance for PFC 

control, its discontinuous conduction mode (DCM) was investigated in [74], from 

which a hybrid control technique was derived for achieving smooth transition between 

CCM and DCM within one line cycle. Again, this hybrid scheme preserves unity 

power factor, large-signal stability and noise immunity with only very few hardware 

additions. 

 

Based on the volt-sec balancing equation, OCC can also be applied to three-phase 

boost rectifiers for PFC control [75]-[78]. Bipolar operation of a typical boost rectifier 

has in fact been discussed in [75], where the converter output current is shown to 

follow the ac input voltage without using a PLL circuit for reference current 

generation. An alternative vector operation of OCC controlled three-phase PFC 

rectifier has also been discussed in [76]. For that method, the grid three-phase voltages 

per fundamental cycle are first divided into six sextants. Depending on the sextant that 

the rectifier is presently residing in, a phase-leg is always clamped to a terminal of the 

dc-link, while the other two phase-legs modulate their switches between two terminals 

of the same dc-link. Since one phase-leg is always clamped, switching losses of this 

method is greatly reduced.  

 

Instead of only a single converter, OCC in vector mode has also been extended to 

parallel operation of multiple converters in order to meet higher power rating. When 

applied directly, OCC undesirably results in the converters appearing as low 
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impedance closed-loop paths for circulating current to flow [78]. The outcomes are 

output current unbalance and excessive power losses. Moreover, the transition time of 

these two inverters may not be synchronized, and it may probably cause a current step 

change at each region-crossing point. Fortunately, for bipolar parallel OCC inverters, 

this circulating current is naturally eliminated as there will be less likely to form up 

this freewheeling loop. To limit the circulating current, a hybrid OCC architecture that 

combines vector operation and bipolar operation is proposed in [78], [79]. That method 

simply uses bipolar mode at the start of each sextant before transiting to vector mode. 

To a great extent, circulating current is reduced by such transition.  

 

Other efforts on OCC cover its stability enhancement, harmonic and unbalance 

compensation for three-phase power converters. One notable improvement is 

documented in [80]-[82], where a fictitious feedback term is explicitly introduced to 

the OCC core for altering the slope of a ramp waveform. As a consequence, the 

modified OCC can regulate the system real and reactive power flow freely without 

entering unstable zones. Another improvement is shown in [83]-[90], where the 

harmonic compensation ability of OCC is demonstrated with APF and UPS systems. 

More recently, ac input voltage unbalance, but not distortion, was taken into 

consideration in [91]. The results there show that OCC is capable of producing 

sinusoidal input currents, which unfortunately are unbalanced. In addition, a large 

capacitor is needed to reduce harmonics at the dc-link, and hence preventing them 

from distorting the input currents. Such passive solutions are not cost effective and 

might not have brought out the full advantages of OCC under unbalanced and distorted 

input conditions. Further discussion about this topic can be found in Chapter 8. 

2.5 Summary 

This chapter reviews some of the existing control techniques that are popularly 

employed for regulation of three-phase PWM power converters. Depending on the 

nature of the control algorithms, they are classified as either linear or nonlinear 



  

Chapter 2 Existing Control Techniques of Three-Phase PWM Converters 

 

 
27 

controllers. For linear controllers, an insightful review is given to establish basic 

understanding of the relationships among PI, PR and repetitive controllers, before their 

advanced variants are described. For nonlinear controllers, basic OCC operating 

principles are explained before related recent developments are elaborated. While 

describing the schemes, challenges presently unsolved are also identified, which when 

summarized, represent problems linked to high frequency harmonic distortions, LCL 

filters and non-ideal supply voltage conditions. To a great extent, these challenges have 

already been solved with relevant findings documented from Chapter 3 onwards. 
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Chapter 3 Complex-Vector Repetitive Control of Power 

Converters 

3.1 Introduction  

As discussed previously, repetitive control schemes have gained popularity in power 

electronic applications because of their simplicity and impressive harmonic rejection. 

Nevertheless, as the order of harmonics to compensate increases, performances of 

most repetitive controllers will  deteriorate, causing the converter current to stop 

following its reference closely due to mismatches in pole-zero cancellation. In [92], 

[93] an attempt to transform individual harmonics to their respective harmonic frames 

is demonstrated so as to achieve accurate pole-zero cancellation. Although working 

effectively, this method causes excessive computational burden as the number of 

harmonics compensated increases. Low pass filter (LPF) introduced in each harmonic 

frame also slows down the dynamic response of the overall system. 

 

To resolve these complications while preserving the simplicity of repetitive control, 

this chapter first introduces the concept of complex-vector (CV) PI controllers, and 

illustrates its essential differences as compared to the traditional PI controllers. After 

understanding its basic operating principles, a CV repetitive control scheme is 

proposed, which can either be formulated in the stationary frame or in a mixed 

combination of stationary and synchronous frames (referred to as mixed frame 

hereon). The designed controller uses a more precise transfer function for 

compensating the frequency under consideration and can physically be implemented 

using simple mathematical functions with a small amount of memory space for storing 

delayed control variables. 
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Moreover, its control characteristics are tuned to match harmonics produced by most 

non-linear loads, hence giving rise to a less noise-sensitive scheme with no raised 

computational burden for compensating more harmonics. When used with a 

grid-connected converter, its inherent ability to filter off grid disturbances from 

distorting the generated current is also appreciated with more accurate control of active 

and reactive power flows expected. These steady-state control features are attractive 

which, together with the fast dynamic response of the controller, are tested physically 

in the laboratory using a digitally controlled experimental setup. The results are 

presented at the end of this chapter for validation. 

3.2 Complex-Vector PI Control in the Synchronous Frame 

In principle, the proposed CV repetitive control is designed based on the analytical 

concept of CV-PI control discussed in [43]. Using the simple example described in 

[43], where the control scheme is used for controlling a power converter connected to 

a resistive-inductive (RL) load, the differences between the traditional PI and CV-PI 

controllers in the synchronous frame are clarified first before extending the latter to 

give the proposed CV repetitive control scheme. Beginning with the overview block 

diagram shown in Fig. 3-1 (ignoring VEMF(s) for the time being), where the 

complex-vector notation lqd = lq - jl d has been used for integrating the q and d variables 

together to form a single variable, the feed-forward transfer expression for the control 

path is written as: 

Synchronous Frame 

 ( ) ( ) 1 { ( )}Syn oG s H s sL R j Lw= ³ + +  (3.1) 

pole at {( ) }os R L jw=- +  is noted in the second term of (3.1), whose imaginary 

term explicitly represents the phase coupling introduced by the frame transformation. 

For a non-zero transformation frequency wo, this complex pole is not strictly cancelled 

by the real zero introduced by the traditional PI controller, whose transfer function and 
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zero expression are respectively written as 1( )Syn p iH s K K s= +  and i ps K K=- , 

where Kp and Ki represent the proportional and integral gains. Although partial 

neutralization can still be attained for reasonably small wo, the mismatch in pole-zero 

cancellation is expected to eventually cause the controller to lose control of the plant as 

wo increases progressively towards the designed controller bandwidth. When that 

happens, the dominant complex pole of the plant then determines the system 

oscillatory response, which surely is an unacceptable scenario. 

 

The traditional PI transfer function is therefore not an ideal base entity to rely on for 

more advanced control development. Instead, for high frequency tracking and 

disturbance rejection, an alternative CV-PI transfer function is recommended, whose 

transfer function is written as 2( ) ( )Syn p i p oH s K K jK sw= + + . By explicitly writing 

down the numerator of HSyn2(s), the zero introduced by controller is undoubtedly 

determined as ( )i p os K K jw=- + , where an imaginary jwo term is added to form a 

complex root. This complex zero can then be tuned to cancel the plant pole along the 

feed-forward path shown in Fig. 3-1 by setting i pK K R L= , after setting KP to 

produce the desired bandwidth. The final system response is then solely determined by 

the controller, regardless of the specific frequency used for the synchronous frame 

transformation. 

 

Although the analysis is performed on an RL load, its application to loads with a 

back-emf (VEMF(s) shown in Fig. 3-1) is also possible after the influences introduced 

Controller in Synchronous Frame

IRef(s) I(s)
HSyn(s)

1
R+sL

jwoL

VEMF(s)VEMF(s) Plant

 

Fig. 3-1. Simplified control diagram of CV-PI control with an external load. 
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by the back-emf are decoupled by feeding forward either its measured or predicted 

value. The simplified load then resembles an RL load, implying that perfect pole-zero 

cancellation can still be achieved without much difficulty. Even without back-emf 

feed-forward (for cases where voltage sensing is not performed due to likely cost 

constraint), the CV-PI controller is still expected to perform well with only minor 

deviation from its ideal operating condition expected [43]. It is therefore viewed as the 

preferred transfer function in the synchronous frame to begin with, while developing 

the repetitive control scheme presented below. 

3.3 Complex-Vector Repetitive Control in a Mixed Reference Frame 

As per the transformation of synchronous PI to stationary PR scheme mentioned in 

Chapter 2, the CV-PI control scheme can also be transformed to the stationary frame 

by applying the following mathematical frequency shifting operation [6]: 

Stationary Frame 

 2 2 2

1
( ) ( ) ( )

2
Stat Syn o Syn oH s H s j H s jw w+ -è ø= - + +ê ú (3.2) 

where 2 ( ) ( )Syn p i p oH s K K jK sw+ = + +  and 2 ( ) ( )Syn p i p oH s K K jK sw- = + -  

represent the positive and negative-sequence versions of 2 ( )SynH s . Substituting 2SynH+  

and 2SynH-  into (3.2) then gives rise to the CV-PR transfer function in (3.3) used for 

ensuring zero steady-state fundamental tracking error in the stationary frame. In 

essence, (3.3) represents the optimal transfer function used for designing the CV 

repetitive control scheme, whose operating principles are discussed shortly. But before 

doing that, the PR transfer function derived from the traditional PI scheme is also 

stated in (3.4) for comparison with (3.3), where a noted common feature is that they 

have infinite gains at the resonant frequencies of °wo. That means both controllers can 

simultaneously compensate for positive and negative-sequence components, even 

though their PI counterparts can only compensate for one sequence depending on the 

direction of rotation assumed. 
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Stationary Frame 

 

2

2 2 2
( )

p i

Stat

o

K s K s
H s

s w

+
=

+
 (3.3) 

Stationary Frame 

 
1 2 2
( ) i

Stat p

o

K s
H s K

s w
= +

+
  (3.4) 

3.3.1 Operating Principles 

One of the demanded features of the proposed control scheme involves the precise 

compensation of only typical harmonics produced by most nonlinear loads. That 

means the controller gains at those frequencies on interest (negative- (6 1) ok w-  and 

positive- (6 1) ok w+ , where k = 1, 2, 3 é) must ideally be infinite with preferably zero 

gains sustained at the non-characteristic frequencies, so as to avoid unnecessary noise 

amplification. An obvious approach to produce the described harmonic gain profile is 

to use multiple copies of (3.3) tuned at different frequencies in the stationary frame, 

written as: 

Stationary Frame  

 

2

2 _ 2 2
1

( )
((6 1) )

h
pk ik

Stat a

k o

K s K s
H s

s k w=

+
=

+ °
ä  (3.5)

where h, Kpk and Kik are the maximum harmonic order considered and respective 

controller gains. Although effective, an immediate disadvantage observed from (3.5) is 

that as the number of harmonics selected for compensation increases, the 

computational resource needed for processing all the CV-PI terms increases 

proportionally. Upon reaching the processing limit, the converter output degrades 

noticeably, making the choice of selecting CV-PR over the conventional PR controller 

less prominent. One method for reducing the number of resonant terms is deduced 

from the observation that by transforming the (6 1) ok w- -  and (6 1) ok w+ +  

harmonics to the synchronous frame rotating at wo, they respectively become 6 okw-  
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and 6 okw+  components. These components can collectively be compensated by the 

single generic resonant term expressed in (3.6), whose gains are infinite at both 

6 okw°  because of the mathematical squaring operation in the denominator. 

(Placement of resonant terms in the synchronous frame is first proposed in [93] for the 

less inferior PR transfer function expressed in (3.4)). 

Synchronous Frame 

 

2

2 _ 2 2
1

( )
(6 )

h
pk ik

Syn a

k o

K s K s
H s

s kw=

+
=

+
ä  (3.6) 

 

Although effective in reducing the computational burden by half, (3.6) still has an 

upper limit, above which the compensation of more harmonics would lead to 

performance degradation. Therefore, instead of explicitly realizing each resonant term, 

an alternative method of integrated implementation is needed. This integration form 

can be deduced by performing the following simple mathematical manipulations with 

h set to ¤ to compensate for all characteristic load harmonics and an additional 

1 1 1( )Syn p iH s K K s= +  term added. 

Synchronous Frame 

 
1 1

1 2_ 2 2 2 2
1 1

( )
( ) ( )=

( ) (6 ) (6 )

p pk i ik
Syn Syn a

k ko o

K K s K K sY s
H s H s s

E s s s k s s kw w

¤ ¤

= =

ë û ë û
= + + + +ì ü ì ü

+ +í ý í ý
ä ä  

  (3.7) 

 

Upon setting 1 1i p ik pkK K K K R L= =  and 12 12i ik oK K w p= = , (3.7) further 

simplifies to: 

Synchronous Frame 

 
2 2 2 2

1 1

6 6( ) 1 2 1 2
+

( ) (6 ) (6 )

o o

k ko o

Y s sL s s

E s R s s k s s k

w w

p w p w

¤ ¤

= =

è ø è øë û ë û
= + +é ù é ùì ü ì ü

+ +é ù é ùí ý í ýê ú ê ú
ä ä  (3.8) 
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Synchronous Frame 

 
( ) 1 1 1

1
( ) 1 1 1

d d d

d d d

sT sT sT

sT sT sT

Y s sL e e sL e

E s R Re e e

- - -

- - -

è ø è ø å õ+ + +å õ
= + = +æ öé ù é ùæ ö

- - -ç ÷ê ú ê ú ç ÷
 (3.9)

 2 (6 ) 6d o oT Tp w= =   

where an exponential rational function has replaced the summation of resonant terms. 

Quite obviously, (3.9) infers that the resonant filters in (3.6) can equivalently be 

implemented by using only small amount of memory spaces for storing past or delayed 

values of the input control error without any significant increase in computational 

burden even when compensating for all characteristic load harmonics. Illustration of 

this alternative method of implementation is shown in Fig. 3-2(a), where the delay 

duration Td is noted to be one-sixth of the fundamental time period 2o oT p w= , as 

indicated in (3.9). The only minor difference noted between the representations in (3.6) 

 

(a) 

 

(b) 

Fig. 3-2. CV repetitive control in the synchronous frame under (a) ideal and (b) 

non-ideal operating conditions. 
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and (3.9) is the implicit embedding of a gain Kp1 and an integral Ki1/s term in the latter 

(explicitly shown in (3.7)), whose influence is to compensate for the positive-sequence 

fundamental error in the synchronous frame (negative-sequence not compensated), 

similar to that imposed by the traditional synchronous frame PI controller. In addition 

to that, the integral term is noted to have an ability to compensate for grid harmonics, 

which is qualitatively less obvious, but can be proven mathematically as demonstrated 

in Subsection 3.3.3. 

 

Another observation deduced from (3.9) is that it does not allow independent tuning of 

the fundamental and individual harmonic gains, which are assumed constant during the 

simplification from (3.7) to (3.9). This no doubt is a disadvantage, which can be 

compromised by paralleling the CV repetitive controller with the CV-PR controller 

expressed in (3.3) to give the system shown in Fig. 3-3, where a mixed combination of 

stationary and synchronous (rotating at the fundamental frequency) frames is involved. 

The resulting controller can then be freely tuned to produce the desired dynamic 

response, fundamental positive-sequence tracking and negative-sequence unbalance 

compensation, independent of its characteristic load harmonic compensation ability 

achieved by using only simple delay and mathematical operations. 

 

Fig. 3-3. Representation of integrated CV-PR and CV repetitive control scheme in 

mixed reference frame. 
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Note that the adoption of delay block for control has previously been mentioned in 

[55], but for the scheme discussed there, the summation of multiple PR terms is 

discussed, which as mentioned earlier, will give rise to poorer compensation when 

compared with the more advanced CV-PR controllers used for designing the CV 

repetitive scheme presented here. In addition, the scheme in [55] has resonant peaks 

placed at all harmonic frequencies including those not typically produced by common 

nonlinear loads, which can at times cause noise re-injection to the system if disturbing 

noises at those untypical frequencies exist. Also, it is pointed out in [55] that the 

embedded integrator in its described scheme is not providing any useful contribution to 

performance, and is thus intentionally neutralized by placing a high pass filter 

( 1)s sg g+  along the feedback path of that scheme. Instead of neutralizing it, the 

integral term of the CV repetitive scheme is used wisely for compensating other 

harmonics after a simple modification is made to its frame transformation process, as 

discussed later on. 

3.3.2 Robustness and Stability Enhancement 

The CV transfer function in (3.9) is noted to consist of the product of a zero with a 

rational time delayed transfer function. Needless to say, both building blocks are ideal 

entities derived directly from conceptual studies, which need further refinements 

before they can stably be realized in practice. For the zero at s R L=- , its realization 

can be enhanced by adding a pole with properly tuned cutoff frequency for attenuating 

noises that it might pick up. This modification is explicitly shown in Fig. 3-2(b), where 

the introduced pole cutoff frequency is located at 11s t=- . Next, to introduce 

physical stability to the time-delay block, its series of infinite gains at characteristic 

load harmonic frequencies must be flattened slightly by introducing a damping 

coefficient to its transfer function (also applicable to most existing resonant 

controllers). This can be done by shifting the roots to the left by s on the root locus 

plot, which in transfer function notation, is written as: 
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Synchronous Frame 
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where dT

fK e
s-

=  is viewed as the equivalent damping gain added along the control 

path of the delay term dsT
e
-  (also shown in Fig. 3-2(b)). With this modification, the 

gains at the resonant peaks are now not infinite, but expressed as (1 ) (1 )f fK K+ - , 

from which, it is deduced that to still keep a reasonably high gain without introducing 

polarity inversion, Kf should preferably assume a value between 0 and 1. In addition to 

its gain reduction ability, other influences introduced by the damping gain in (3.10) are 

more obviously revealed by expanding (3.10) into its resonant series, as demonstrated 

by: 
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 (3.11) 

 

From (3.11), it is noted that the integral term now has a cutoff frequency s, which is 

relatively small, and therefore, would not introduce any significant influence. Also 

noted in (3.11) is the presence of two additional terms with s embedded, found in the 

denominator of each of the resonant functions. For the first term indicated as ss2 , its 

duty is to damp the infinite resonant peaks as intended with no unwanted side 

influence introduced, but for the second term indicated as 2s , it undesirably causes 

the resonant peaks to shift slightly above their nominal frequencies collectively 

expressed as 6kwo. Fortunately, that shifting is not expected to impact the controller 

performance significantly since 2s  is almost negligible even when compared with the 

first harmonic resonance located at 300 Hz (6wo) in the synchronous frame. For 
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validating that assumption, Fig. 3-4 shows the variation of the sixth-order resonant 

term in (3.11) with s increased from 0 to 2p³10 rad/s. Clearly, the resonant gain 

reduces when the damping coefficient s increases, but with no visible shifting of 

resonant frequency noted in all three traces, hence justifying the assumption of 

negligible mistuning even for the ñworst caseò scenario. Also interesting to note is the 

comparatively smaller mistuned error associated with the proposed scheme, as 

compared with the scheme discussed in [55], where the first resonant peak is placed at 

100 Hz in the stationary frame. 

 

Other than adding a damping coefficient, a second modification recommended for the 

time delay block is to place a simple first order LPF with cutoff frequency of 

21s t=-  after the delay term, as indicated in Fig. 3-2(b). This LPF term serves to 

narrow the bandwidth of the system so as to filter off high frequency switching noises 

that can bring instability, especially to an analog system. For a digital implementation, 

explicit noise filtering is less stringent since the sampling process, to a favourable 

extent, has introduced some implicit filtering to the controller. 

 

Fig. 3-4. Variation of the sixth-order resonant term in the synchronous frame when s 

changes. 
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3.3.3 Integral Term for Grid Disturbance Rejection 

As noted in (3.7), the proposed CV repetitive control scheme incorporates an integrator 

Ki/s in addition to those harmonic resonant peaks. The integrator, besides contributing 

slightly to the tracking of fundamental reference, also exhibits an additional 

functionality when the proposed scheme is used for grid converter control, during 

which the grid voltage is measured and used for synchronous frame transformation 

[94]. For undistorted grid, transformation to the synchronous frame is straightforward 

with only a linearly rising angle q available for affecting it. On the other hand, if the 

grid is distorted, choices of synchronizing the transformation angle with reference to 

the positive-sequence or actual grid voltage are available for selection with each 

having its own unique system impacts. Needless to say, if the angle synchronized with 

the positive-sequence grid voltage is used, the frequency shifting expression adopted is 

again similar to that expressed in (3.2), which clearly has no added capability for 

compensating the grid distortion. Therefore, instead of synchronizing with the 

positive-sequence voltage, the actual grid voltage should be followed to give an angle 

Ĕq ( q̧) needed for affecting an alternative form of frequency-shifting process that is 

different from (3.2). To be more specific, using Ĕq for transformation gives rise to the 

new frequency-shifted transfer function of 2
Ĕ ( )StatH s  in the stationary frame, and 

expressed as: 

Stationary Frame 

 

1Ĕ ( ) ( ) ( )
2

( ) ( )
             

4 ( ( 2) ) ( ( 2) )
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H s jh H s jha

H s j h H s j h

w w

w w

w w

è ø= + + -ê ú

ë ûè ø+ + -îê ú î
+ ì ü

è ø- + - + - -î îê úí ý

 (3.12) 

where ah is the amplitude of grid distortion introduced for relating the actual and 

positive-sequence angles by [ ]Ĕ sin ( 1)ha hq q q= + - . Clearly, the first term in (3.12) 

resembles that in (3.2), used for performing the usual synchronous frame (rotating at 

wo) to stationary frame transformation. Therefore, the 6kwo resonant filters embedded 
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in the proposed scheme can still compensate for the characteristic load harmonics even 

if Ĕq is used. More interestingly is the added feature introduced by the second term, 

which infers that the embedded integrator when transformed to the stationary frame 

resembles a resonant term with its resonant peak centered at hwo. That means the 

embedded integrator in the mixed-frame repetitive controller can compensate for any 

hwo harmonics in the grid, albeit at a reduced gain of ah/4, in addition to those typical 

load harmonics at -(6k-1)wo and +(6k+1)wo discussed earlier. 

3.4 Complex-Vector Repetitive Control in the Stationary Frame 

Although the mixed frame scheme presented in Fig. 3-3 has already been proven to 

operate well under distorted system conditions, its analysis is still not that 

straightforward because of its involvement of two reference frames, which definitely is 

not easy to express mathematically. Therefore for analytical purposes, it would be 

more convenient to either transform the CV-PR controller to the CV-PI controller in 

the synchronous frame or the CV repetitive control scheme to the stationary frame. Of 

these two options, the former is straightforward, but would impose the disadvantage of 

requiring frame transformation of all control variables at the beginning of each 

computational step. Therefore, instead of that option, the second option of 

transforming the CV repetitive block to the stationary frame is now explored by 

applying the frequency-shifting process illustrated in (3.2) to (3.9). The mathematical 

manipulations are presented as follows. 
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Considering HInt1(s) and HInt2(s) separately then gives rise to: 
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Noting that 2cos( )o d o dj T j T

o de e T
w w w-
+ = , (3.14) then becomes: 

 
2

1 2

2(1 )
( ) 1

1 (2cos( ))

d

d d

s T

Int sT s T

o d

esL
H s

R e T ew

-

- -

è ø-è ø
= +é ùé ù- +ê úê ú

 (3.15) 

 

Since 2 (6 )d oT p w=  from (3.9), (3.15) further simplifies to: 
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Proceeding next to simplify HInt2(s): 
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Replacing the exponential terms in the parentheses of (3.17) by 

2sin( )o d o dj T j T

o de e j T
w w w-
- =-  and 2cos( )o d o dj T j T

o de e T
w w w-
+ =  then gives rise to: 
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With (3.16) and (3.18) substituted back to (3.13), the required CV repetitive transfer 

function in the stationary frame is derived as: 
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(a) 

 
(b) 

Fig. 3-5. CV repetitive control in the stationary frame under (a) ideal and (b) non-ideal 

operating conditions. 
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Drawing the above equation in block diagram form then gives rise to the configuration 

shown in Fig. 3-5(a), where only simple delay blocks and transfer functions are used 

for its implementation in the stationary frame without any frame transformation of 

control variables needed. Unlike the mixed-frame variant whose resonant peaks 

compensate for only negative (6k-1) and positive (6k+1) harmonics, the resonant 

terms introduced by the stationary frame variant can compensate for both positive and 

negative-sequence (6k°1) harmonics based on the same reasoning explained in Section 

3.3, while deriving the elementary resonant expressions. The designed stationary frame 

controller can therefore also compensate for grid distortion, even though its operating 

principle is not based on the integral operation. Proceeding on to stabilize the 

controller in a physical setup, Fig. 3-5(b) shows the controller with gain Kf and time 

constants (t1 and t2) added for filtering and damping noises, which would almost 

always be there. The resulting controller (with a CV-PR term added) is therefore 

summarized as a robust, dynamically fast entity that can track its positive-sequence 

reference well, and compensate for negative-sequence unbalance and characteristic 

load / grid harmonics using only simple building blocks for its realization. The 

frequency domain response of the designed CV repetitive controller is plotted in Fig. 

 

Fig. 3-6. Bode plot of the proposed CV repetitive controller in comparison to a single 

PR controller. 












































































































































































































































































