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Abstract—Due to the voltage mismatch between the phase legs 

and the DC bus in Modular Multilevel Converters (MMCs), the 

differential current in MMCs is inherently subjected to 

circulating even order harmonics. Repetitive control based active 

harmonic suppression methods can be adopted to eliminate such 

harmonics. Nevertheless, conventional repetitive controllers have 

a relatively slow dynamic response because all the sampled errors 

in the past one cycle have to be stored, which causes a response 

delay for one fundamental period. This paper proposes an 

improved repetitive control scheme that exclusively copes with 

even order harmonics based on the circulating current 

characteristics of MMC systems. The design details of the even 

harmonic repetitive control scheme according to the harmonics 

characteristics are provided. The proposed even-harmonic 

repetitive control scheme requires halved data memory to store 

error samplings and the delay introduced by the repetitive 

controller is also reduced. According to the frequency domain 

analysis, the even-harmonic repetitive control features faster 

convergence rate, greater low-frequency gains, higher crossover 

frequency, and higher tolerance against system frequency 

deviation, while possessing the same even-order harmonics 

suppression capability and stability as conventional ones. 

Simulation and experimental results are presented to show the 

steady-state harmonics suppression capability, dynamic response, 

and disturbance tolerance of the proposed even-harmonic 

repetitive control scheme. 

  

Index Terms—Modular Multilevel Converter, circulating 

current, even-harmonic repetitive control. 

I. INTRODUCTION 

ODULAR Multilevel Converter (MMC) is one of the 

most attractive topologies in recent years for medium or 

high voltage industrial applications [1], such as high-voltage 

DC (HVDC) transmission [2, 3], medium voltage variable 

speed motor drives [4] and static synchronous compensators [5]. 
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The wide adoption of MMCs in the industry is mainly due to its 

flexible expandability, transformer-less configuration, common 

DC bus, high reliability from redundancy, and so on. A 

well-known problem within an MMC system is that the 

differential current in phase legs may be distorted by 

even-order harmonics [6-8], and this is because of the inherent 

mismatch between the inserted voltage of each phase leg and 

the DC bus voltage. Such low order harmonics not only 

increase the current stress of semiconductors and introduce 

more power losses in phase legs, but also, in turn, bring 

disturbances on the sub-module capacitor voltage, which 

consequently deteriorate the performance of the MMC system 

[7, 9-11]. 

In most applications, the harmonics in the differential current 

of an MMC are undesirable from efficiency and controllability 

points of view, except for some special applications such as 

capacitor voltage ripple shaping [12, 13] and motor drives in 

low-frequency operations [14, 15]. Nevertheless, it is difficult 

to find a practical passive filter to mitigate these low-order 

harmonics in the differential current. Alternatively, some active 

harmonic suppression methods were proposed in recent 

literature such as compensating the inserted voltage in each 

phase leg based on open-loop control strategies [16, 17], 

injecting adequate harmonics by feedforward control to reduce 

the second order harmonics in the differential current [9]. 

However, these methods highly rely on accurate MMC models 

and are sensitive to the disturbance and model parameter 

variation. A simple proportional-integral (PI) controller based 

feedback control of the DC loop current is presented in [11], 

where obvious low-frequency AC components can still be 

found in the differential current. Feedback controls in the d-q or 

rotating frames were proposed in [8, 18, 19] for second order 

harmonic suppression of MMC systems. Alternatively, 

proportional-resonant (PR) controllers can also be adopted to 

deal with harmonics under both symmetric and unbalanced 

load conditions as discussed in [20, 21]. However, one evident 

limitation of those methods is that they can only cope with 

specific order harmonics, depending on the controller design. 

Recently, plug-in repetitive controllers, which have been 

widely used in PWM inverters [22, 23], are employed in [24-26] 

to eliminate multiple harmonics in the differential current of 

MMC systems. In [24] and [25], the conventional repetitive 

controllers with one fundamental period delay are employed to 

handle both odd and even order harmonics. Based on the 

integrating function of the repetitive controller, a differential 

current control system combining a repetitive controller with a 
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proportional controller is proposed in [27], in order to facilitate 

the control system design and improve the accuracy and 

robustness of the control system. 

In this paper, an improved repetitive controller being able to 

exclusively cope with the even-order signals is proposed for the 

sake of perfect even harmonics suppression in the differential 

current, based on the circulating current characteristics of the 

MMC system. The proposed repetitive controller has the same 

performance and system stability as conventional ones in terms 

of even-harmonic elimination. By halving the number of 

samplings stored in one repetitive cycle, it possesses additional 

benefits such as less memory occupation, a faster convergence 

rate, and a greater tolerance to system frequency variation as 

evidenced by the comprehensive frequency characteristics 

analysis in this paper. Full design details of the even harmonics 

repetitive control scheme, including selecting the number of 

error samples stored in each repetitive cycle to deal with the 

harmonics with specific frequencies, determining the crossover 

frequencies of the low pass filters in the repetitive controller 

according to the harmonic contents, and investigating the 

controller convergence rate and system stability, are provided. 

The effectiveness and validity of the proposed even-harmonic 

repetitive control scheme are confirmed in simulations and 

experiments. The results show that the proposed repetitive 

controller provides better circulating harmonics suppression 

than the PI and PR controllers. On the other hand, in 

comparison to the conventional repetitive controller, the 

dynamics of the proposed repetitive controller is almost 

doubled in the startup process and during reference or load step 

changes. Moreover, the even-harmonic repetitive controller 

also offers better harmonic suppression when there is a 5% 

system frequency deviation, compared with that of the 

conventional ones. 

II. MMC MODELLING AND DIFFERENTIAL CURRENT 

ANALYSIS 

The basic structure and operation of an MMC have been 

extensively explained in the literature [11, 28] and will not be 

discussed in this paper. The schematic diagram of a three-phase 

MMC is shown in Fig. 1. There are three phase legs connected 

in parallel to a common DC bus and each phase leg consists of 

two arms, named as the upper arm and lower arm respectively. 

N sub-modules (SMs) are connected in series in the upper and 

lower arms respectively. Each arm is equipped with an arm 

inductor Larm to prevent the parallel connection of two voltage 

sources, i.e. the DC-bus and the arm voltages. An equivalent 

resistor Rarm is employed in each arm to represent the losses on 

the semiconductors, equivalent series resistance (ESR) in CSM 

and Larm, etc. The output terminals of the MMC are the middle 

points of the two arms in the three phase legs. 

According to the average model of the MMC and the 

analysis in [7, 11], the voltages and currents in the upper and 

lower arms in phase x (x = a, b, c) can be calculated as 
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where UC is the average voltage across the sub-module 

capacitor, mx=2Uox/UDC is the modulation index, ωo denotes the 

fundamental angular frequency, ϕx stands for the phase angle of 

the output voltage, idiffx refers to the differential current in the 

phase leg [12] and iox represents the output current of the MMC. 

The outputs of the MMC are 
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where Uox and Iox are the magnitudes of the output voltage 

and current respectively, and ϕox is the phase displacement 

between the output voltage and current. udiffx in (1) is defined as 

2 2

diffx DC ux lx
diffx arm arm diffx

di U u u
u L R i

dt

+
= + = −     (4) 

It is clear in (4) that the voltage mismatch between the DC 

bus voltage UDC and the voltage in the phase leg uux+ulx will be 

eventually applied onto the arm inductors and resistors, and 
consequently introduces the inner differential current in the 

phase leg. In practice, such voltage mismatch is ineluctable 

owing to the voltage ripples on each sub-module capacitor [7, 

10] and the PWM pattern of the actual voltage in the two arms. 

It should be noted that the differential voltage in phase x (udiffx) 
is independently determined by the voltage inserted into the x 

phase. So that the differential voltages in the three phases can 

be analyzed independently as in three single-phase legs. In 

steady state, idiffx normally consists of two parts as 

3

DC
diffx cirx

I
i i= +

         
(5) 

i.e., a DC current IDC/3, assuming the DC source current IDC 
is evenly split into the three phases, that ensures the power 

balance between the DC input and AC output [4], and a 

circulating current icirx that is dominated by even order 

harmonics [7, 10]. The detailed harmonic contents in the 

circulating current can be derived based on the circulating 

current analysis given in [7]. 

 
 

Fig. 1. Structure of a three-phase MMC based inverter. 
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III. EVEN-HARMONIC REPETITIVE CONTROLLER FOR MMC 

DIFFERENTIAL CURRENT REGULATION 

In most cases, only the DC component IDC/3 in the 

differential current is preferred to maintain the stable operation 

of the MMC and minimize the losses. Therefore, in addition to 
controlling the output power of the MMC, special efforts are 

also devoted to the inner differential current control to remove 

icirx. According to (4) and (5), idiffx can be controlled by 

legitimately adjusting the voltages uux and ulx [8]. The s-domain 

transfer function of the plant can be expressed as 

1
( )

arm arm

G s
L s R

=
+

        
(6) 

The block diagram of generating the differential current 

reference is shown inside the block (a) in Fig. 2. The 

differential current reference idiffx
* is comprised of three 

components, i.e. a DC reference idiffx_DC
*=mxIoxcos(ϕox)/4 for 

power balance, a current reference idiffx_va
* for voltage averaging 

control [11] to maintain the sub-module capacitor voltages at 
the same level, and a fundamental frequency current reference 

idiffx_vd
* for the differential voltage control [6] between the upper 

and lower arms. uC
* is the reference of the sub-module 

capacitor voltage defined as UDC/N. UCu and UCl are the average 

capacitor voltages in the upper and lower arms respectively. 
The block (c) in Fig. 2 shows the process of generating the 

reference signals for individual sub-module as 

* * * *

/ /

1
(1 )

2
uxk lxk ox diffx buxk blxku u u u= − +∓      (7) 

where udiffx
* is the reference voltage that will be applied to the 

arm inductors to control the differential current. Moreover, 

individual capacitor voltage balancing control [11] shown in 

Fig. 3 is also applied to ensure that the voltages across 

sub-module capacitors are balanced. ubuxk/blxk
* is the reference 

for individual capacitor voltage balancing control and Kb is the 
gain of the proportional controller. 

The circulating current icirx cannot be completely removed if 

only a conventional PI controller is employed as in Fig. 2 (b), 

for the sake of a tradeoff between the harmonic suppression and 

system stability. In order to properly regulate the differential 

current, a repetitive controller is adopted in the current control 

scheme instead of the single PI controller, as shown in Fig. 4, 

where PI(z) is the z-domain transfer functions of the PI 
controller. The inherent computation and PWM delays in a 

digital control system are modeled as one sampling period 

delay and a zero-order-hold (ZOH) block respectively [29, 30]. 

A. Proposed Even-Harmonic Repetitive Controller 

Repetitive Controllers (RCs) are effective in dealing with 

periodic signals, e.g. tracking periodic reference or rejecting 
periodic disturbances. The structure of the repetitive controller 

adopted in this paper is highlighted in the dotted block in Fig. 4. 

The sampled error idiff_err will be stored for Ns sampling 

intervals and then fed back to the plant again. By doing so, the 

gains of the repetitive controller at characteristic frequencies 

will be high enough to effectively control the signals at these 
frequencies, at the cost of relatively slow response and Ns 

memory cell occupation. With the presence of time delay block 

z-Ns, the repetitive controller output generated based on the 

tracking error is postponed by a time period of NsTs seconds 

[31]. The transfer function of the repetitive controller can be 
expressed as 
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where Kr is the repetitive gain, Q(z) is a low-pass filter with 

unity gain at low frequencies and no phase delay. The low pass 

filter Q(z) is employed to reject high-frequency components in 
the internal model [22, 31]. The phase lead filter, consisting of a 

low pass filter S(z) and a phase delay compensation unit zk [22, 

23, 32], is used to improve the stability of the overall repetitive 

control system. However, high-frequency signals cannot be 

 
 

Fig. 2. Block diagram of the differential current control of the MMC and reference generation for each sub-module. 

 
 

Fig. 3. Block diagram of individual capacitor voltage balancing control. 

 
 

Fig. 4. Block diagram of the repetitive control scheme for inner differential current control of the MMC. 
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compensated due to the presence of Q(z) and S(z), which brings 

a trade-off between the tracking accuracy and the system 

robustness [22, 33]. 
Since there are only even order harmonics exist in the 

circulating current, it is rational that a repetitive controller 

exclusively coping with even harmonics, which is rarely 

addressed in the literature as the even harmonics exist in few 

application, is elaborately designed to suppress the circulating 

current ripples in the differential current. The frequency 
response of Grc(z) can be expressed as 

( )
( )

( )

s s

s

s s s

jk T j T
j T r
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G e

e Q e

ω ω
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Since Q(ejωTs) ≈ 1 at the frequencies lower than its cutoff 

frequency ωc, the repetitive controller has high gains at 

frequencies as 

2
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where k is an integer. As the sampling interval of a control 

system is usually set to be constant, a repetitive controller can 

be designed to cope with different orders of harmonics by 

setting Ns = 2lπ/ωoTs = lfs/fo, where fs is the sampling frequency 
and fo is the output frequency. For a conventional repetitive 

controller designed to cope with odd and even harmonics, Ns is 

selected to be Ns = fs/fo. In this paper, the even order harmonic 

repetitive controller can be achieved by setting the number of 

error samples Ns to be half of that in one fundamental period, i.e. 

Ns = fs/(2fo). Compared to the conventional repetitive 
controllers, the even-harmonic repetitive controller has high 

gains at frequencies that are the even multiples of fo, while the 

memory cells required to store these samples are halved and the 

delay of the repetitive controller is reduced. The magnitude and 

phase characteristics of the conventional and proposed 

even-harmonic repetitive controllers are compared in Fig. 5, 
which shows that the proposed controller has high gains at 

even-order frequencies with less phase delay. Moreover, the 

performance of the repetitive controller is also improved 

compared with the conventional ones, which will be discussed 

in terms of frequency characteristics analysis in the next 

subsection. 

B. Analysis of the Even-Harmonic Repetitive Controller 

In order to analyze the differential current control scheme 

more conveniently and effectively, the overall differential 

current control loop is eventually simplified as in Fig. 6. The 

closed-loop transfer function from the reference to the 

differential current can be derived as 

*
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where P(z) is the closed loop transfer function of the PI 

control loop. The differential current tracking error can be 

derived according to (11), as 
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According to (11) and (12), the repetitive control system is 

stable if all the roots of the system characteristic equation 
zNs-Q(z)+KrzkS(z)P(z) are located inside the unit circle at the 

origin. One sufficient condition [34] for the stability of the 

repetitive control system is 

( ) ( ) ( ) 1
k

rQ z K z S z P z− <
     

 (13) 

The stability of this control system will not be influenced by 

choosing different values of Ns, as Ns does not appear in this 

inequality. As stated in [22], the current tracking error 

convergence can be derived from (12) as 

( ) ( ) ( )sN k

err r errz i Q z K z S z P z i ≈ −      
(14) 

It is evident from (14) that the tracking error of the repetitive 

control scheme will be |Q(z)-KrzkS(z)P(z)|ierr after a time period 

of NsTs. The convergence rate of the proposed repetitive 

controller is accordingly doubled because of the halved Ns 

compared with that of the conventional repetitive controllers. 

As shown in Fig. 6, the overall control system can be simply 

divided into two parallel forward paths, i.e. a simple PI 

controller applied to the plant model, and a repetitive controller 

cascaded with the PI controller and the plant model. In this 

paper, only the path including the repetitive controller is 

analyzed and discussed. The transfer function of the repetitive 

controller path and the controller itself are described as 

( ) ( ) ( ) ( )
RP rc

G z G z PI z G z=
      

(15) 

It is clear in (8) and (15) that Ns will affect the open loop gain 

of the repetitive control path. Since the open loop gain of the 

repetitive control path is proportional to that of Grc(z), only 

Grc(z) is discussed here. As the high-frequency gain of a 

repetitive controller is normally designed to be small to prevent 

oscillation, only the low-frequency gain is investigated. The 

magnitude of the time advance unit zk is one so that it will not 

affect the gain of the repetitive controller. The low pass filter 

S(z) is also dedicatedly designed with almost unity gain at low 

frequencies. Therefore, the gain of Grc(z) can be rewritten as in 

(16) when ω << ωc. 
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Noting that when ω is low, Q(ejωTs) is very close to one, so 

that the open loop gain of this repetitive controller can be 

further simplified as 

 
 

Fig. 5. Bode diagrams of the conventional and even-harmonic repetitive 

controllers.  
 

 
 

Fig. 6. Simplified block diagram of the differential current control loop. 
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Substituting Ns = fs/fo and Ns = fs/2fo into (17) respectively and 

noting that Tsfs = 1, it can be found that the gain of the 

even-harmonic repetitive controller is almost twice of that of 

the conventional repetitive controller when f << 2fo as indicated 

in (18). 
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Equation (19) shows that the crossover frequency of the 

repetitive controller fcross is inversely proportional to Ns. 
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Furthermore, the phase-frequency characteristics of the 

repetitive controller can be derived based on (9) as 

( ) ( ) [ ( )]

( ) ( 1)

s s s s s

s s s

j T j T j N T j T

rc s

j T j N T

s

G e k T S e e Q e

k T S e e

ω ω ω ω

ω ω

ω

ω

∠ = + ∠ − ∠ −

≈ + ∠ − ∠ −
 

(20) 

The critical frequencies for the proposed even-harmonic 

repetitive controller are those satisfying nfo with n being an 
even integer. The magnitude of Grc(z) will cross 0 dB at these 

frequencies. The corresponding phase displacements of the 

proposed and conventional repetitive controllers as 
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indicating that the proposed even-harmonic repetitive 

controller introduces less phase delay compared to that of the 

conventional one, as presented in Fig. 5. Meanwhile, it could be 

conveniently verified by (16) that the gains of Grc(z) at desired 
frequencies (e.g. 100 Hz, 200 Hz…) are also not affected no 

matter the value of Ns is selected to be fs/fo or fs/2fo. The 

bandwidth of the proposed repetitive controller fB at critical 

even-order frequencies can also be derived by assigning -3 dB 

to the magnitude of Grc(z), as 
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It is obvious that fB is inversely proportional to Ns as well at 

low frequencies. Wider bandwidth is helpful in offering better 
tolerance for system frequency deviation. For instance, a 

frequency deviation fd may be introduced making the MMC 

output frequency to be actually f = fo±fd, the magnitude of 

Grc(ejωTs) at relatively low frequencies can be expressed by 

1
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where n is an even integer and nπfd << fo. Substituting Ns = 

fs/fo and Ns = fs/2fo into (23), the results indicate that the gains of 

the even-harmonic repetitive controller at deviated frequencies 
are twice of those of the conventional controller. In other words, 

the proposed repetitive controller has wider bandwidths at 

critical frequencies and consequently better compensating 

performance when there is a system frequency variation. The 

magnitude characteristics of both the conventional and the 

even-harmonic repetitive controllers are depicted in Fig. 7. It 

can be seen that the frequency characteristics of Grc(z), in terms 

of low-frequency gain, crossover frequency, magnitudes, and 

bandwidths at desired frequencies, etc., are in accordance with 

the mathematical analysis. 

C. Even-harmonic Repetitive Control Scheme Design 

The detailed parameters of the MMC system are listed in 

Table I. As the equivalent switching frequency of the MMC is 

6fc = 12 kHz [11], the sampling frequency is designed to be fs = 

12 kHz and the control system is synchronized with it, having a 

period of Ts = 1/fs. Ns is chosen to be 120 to perform the 
even-harmonic repetitive controller. A phase-shifted PWM 

(PS-PWM) modulation scheme is employed to generate 

corresponding gating signals for individual sub-modules. In 

order to implement the individual control to every sub-module, 

an individual voltage reference and a phase-shifted triangular 

carrier are assigned to each sub-module. The phase 
displacement of triangular carriers for sub-modules in one arm 

is 2π/N. By doing this, the output voltage level is 2N+1 and the 

equivalent switching frequency is 2Nfc, where fc is the carrier 

frequency and N is an odd number [11, 35]. 

The discrete transfer function of the plant can be converted 
from G(s) by ZOH transform [29], as 

1 1
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(24) 

The closed conventional PI differential current control loop 

 
 

Fig. 7. The frequency characteristics of Grc(z) with Ns = fs/fo and Ns = fs/2fo. 

TABLE I 

PARAMETERS OF THE MMC SYSTEM 

Parameters Values 

DC link voltage: UDC 240 V 

Amplitude of Output Voltage   100 V 

Load Resistor: Rl 10 Ω 

Load Inductor:  Ll 6.3 mH 

Rated output frequency:  fo  50 Hz 

No. SM in each arm: N 3 

Arm inductance: Larm 5 mH 

Arm resistor: Rarm 0.025 Ω 

SM capacitor: CSM 470 uF 

Carrier frequency: fc 20k Hz 

PI parameters of the difference current control Kp = 3, Ki = 10 

Repetitive controller gain: Kr 0.8 
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can be treated as the plant of the repetitive controller, whose 

transfer function can be derived as 
1

1

( ) ( )
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1 ( ) ( )

PI z G z z
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PI z G z z

−

−
=

+
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According to the circulating current contents analysis 

presented in [7], the amplitude of the circulating current higher 

than 500 Hz (the 10th order) is negligible in the MMC system 

employed in this paper, the cut-off frequencies of the low-pass 

filters in the repetitive controller can be designed appropriately. 
The low pass filter Q(z) is designed as 

2 1 2
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− −
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The frequency response of Q(z) can be written as 
2
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The cutoff frequency of Q(z) is designed to be around 940 Hz, 

which is almost nineteen times of the MMC fundamental 

frequency, in order to achieve unity gain at low frequencies and 

reject high-frequency components. A phase lead filter zkS(z) is 

elaborately designed such that the natural frequency of the 

second order low pass filter S(z) is fn = 800 Hz and the time 

advance step is k = 8. The purpose of this phase lead filter is to 

improve the stability of the overall repetitive control system by 

achieving the desired frequency response shown in Fig. 8. S(z) 

is used to shape the magnitude characteristics of the plant P(z) 

so that the gain of zkS(z)P(z) is 0 dB at low frequencies and 

monotonically decreases at higher frequencies. The time 

advance unit zk is used to compensate the phase delay caused by 

S(z), the plant and the control system for larger overall system 

phase margin [23]. 

The system dynamic response and stability will be mainly 

determined by the repetitive gain Kr, which should be carefully 

designed [22]. In order to ensure the system stability at all 

frequencies, Kr has to be yielded [23] as 
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Referring to the parameters in Table I, the theoretical range 

of Kr calculated based on (28) is zero to two, in which the 

overall control system can be stabilized. Equation (12) suggests 

that the convergence rate of the repetitive controller is inversely 

proportional to the magnitude of Q(z)-KrzkS(z)P(z). It is 

obvious in Fig. 9 (a) that the convergence rate of the repetitive 

controller at frequencies lower than 1 kHz is highly affected by 

Kr. A Kr close to one provides relatively fast convergence for 

harmonics suppression at desired frequencies. The Bode 

diagram of the open loop transfer function of the differential 

current control is depicted in Fig. 9 (b). The phase margins of 

the differential current control loop with different values of Kr 

are indicated in the phase characteristics diagram. According to 

Fig. 9, Kr = 0.8 is selected with the consideration of both 

convergence rate and system stability (44° phase margin). The 

Nyquist plot of zNs-Q(z)+KrzkS(z)P(z) in Fig. 10 indicates that 

the proposed repetitive control scheme is stable based on the 

parameters given in this subsection because the stability 

condition in (13) is always satisfied. 

IV. SIMULATION RESULTS FOR STEADY-STATE AND DYNAMIC 

PERFORMANCE  

Simulation was conducted with Piecewise Linear Electrical 

 
 

Fig. 8. Frequency characteristics of P(z) and zkS(z)P(z). 

 
(a) 

 

 
(b) 

 

Fig. 9. Repetitive control system characteristics with different Kr: (a) 
Magnitude of Q(z)-Krz

kS(z)P(z); (b) Bode diagram of [1+Grc(z)]PI(z)G(z). 

 

 
 

Fig. 10. Nyquist plot of zNs-Q(z)+Krz
kS(z)P(z). 
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Circuit Simulation (PLECS) based on the MMC shown in Fig. 

1 and system parameters listed in Table I.  The main objectives 

were to show the effectiveness of the proposed repetitive 

control scheme in even-harmonic suppression, and its 

improved dynamic performance and tolerance to system 

frequency variation compared with the conventional repetitive 

controllers. All the simulation parameters and load conditions 

are the same as listed in Table I, except for a set of simulations 

under reference and load step changes. 

Fig. 11 shows the inner differential currents in the phase leg 

regulated by different controllers, i.e. a PI controller, a PI 

controller with paralleled 2nd and 4th resonant controllers, and 

the even-order repetitive controller. The modulation index is set 

to be 0.833 to generate the output voltage with its peak value of 

100 V. The harmonic spectra of the differential current in phase 

a are shown in Fig. 12. Fig. 12 (a) indicates that there are 

considerable even order harmonics in the differential current if 

only a PI controller is adopted, and there is basically negligible 

harmonics with frequencies higher than 500 Hz, which means 

that the cutoff frequencies of Q(z) and S(z) are properly 

designed to cope with current harmonics. The differential 

current can be less distorted by adding resonant controllers to 

suppress low order harmonics as shown in Fig. 11 (b). However, 

the higher order harmonics, e.g. 6th and 8th harmonics, may be 

even increased as shown in Fig. 12 (b). In contrast, the 

repetitive controller can almost completely eliminate the even 

harmonics in the circulating current, as shown in Fig. 11 (c) and 

Fig. 12 (c). 

The startup process of the proposed and conventional 

repetitive controllers, when they are enabled at 0s, are 

illustrated in Fig. 13. The delay periods of the two controllers 

are half and one fundamental period respectively. t1 and t2 are 

the instants at which the repetitive controllers are actually 

activated and the controllers start to adjust their outputs 

             
(a)                  (b)                   (c)         

 

Fig. 11. Inner differential currents regulated by different controllers in simulation: (a) PI; (b) PI + 2nd R + 4th R; (c) Even-harmonic RC. 
 

     
(a)                  (b)                   (c)         

 

Fig. 12. Spectra of inner differential currents in phase a regulated by different controllers in simulation: (a) PI; (b) PI + 2nd R + 4th R; (c) Even-harmonic RC. 

 
 

Fig. 13. Differential currents in phase a when the conventional and 
even-harmonic repetitive controllers are activated. 

 
(a) 

 

 
(b) 

 

Fig. 14. Differential currents in phase a regulated by conventional and 

even-harmonic repetitive controllers during: (a) Modulation index step change: 
0.5 – 0.833; (b) Load resistor step change: 20 Ω – 10 Ω. 
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according to tracking errors. It is obvious that the proposed 

repetitive controller only requires a half period (2.5 

fundamental cycles) to achieve steady state after being 

activated as compared to that (5 fundamental cycles) of the 

conventional ones. 

The inner differential currents regulated by the conventional 

and even-harmonic repetitive controllers under reference and 

load step changes are presented in Fig. 14. Fig. 14 (a) illustrates 

the current waveforms when the modulation index steps from 

0.5 to 0.833. The current waveforms when the load resistance 

steps from 20 Ω to 10 Ω are shown in Fig. 14 (b). It can be seen 

in Fig. 14 that idiff regulated by the even-harmonic repetitive 

controller is settled down at t2 and t2’ while idiff is settled down 

at t3 and t3’ when a conventional repetitive controller is used. 

The proposed controller is stable during reference and load step 

changes. The halved Ns not only reduces the delay period of the 

repetitive controller but also speeds up the dynamic response of 

the system. 

The performances of the both repetitive controllers under the 

condition of 5% frequency variation in the MMC output are 

shown in Fig. 15 (a). Fig. 15 (b) presents the fast Fourier 

transform (FFT) of the differential currents in phase a. The 

magnitude of the second order harmonic current, normalized to 

the DC component of the differential current, is reduced from 

75.5% to 46.2% by replacing the conventional repetitive 

controller with the proposed one. 

V. EXPERIMENTAL RESULTS 

The prototype of the single phase MMC as shown in Fig. 16 

(a) was built in the laboratory. The experimental setup of the 

single phase MMC platform is shown in Fig. 16 (b). A dSPACE 

module DS1006 is adopted to implement the digital control and 

a DSP TMS320F28335 is used to generate the phase-shifted 

PWM signals for individual sub-modules. The parameters of 

the MMC system are listed in Table I. The equivalent arm 

resistors representing the losses in arms are not connected in the 

circuit. The modulation index of the output voltage was set to 

be 0.833 except for a set of experiments under reference and 

 
(a) 

 

 
(b) 

 

Fig. 15. Differential currents regulated by the conventional and even-harmonic 

repetitive controllers @ fo = 47.5 Hz in simulation: (a) Differential currents; (b) 
Spectra of the differential currents in phase a. 

 
(a) 

 

 
(b) 

 

Fig. 16. Single phase MMC: (a) Schematics; (b) Experimental setup. 

 

 
(a) 

 

 
(b) 

 

Fig. 17. Voltage and current waveforms of the MMC when the even-harmonic 

repetitive controller is activated at t1: (a) Arm currents, differential current, 
output voltage and current; (b) Sub-module capacitor voltages. 
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load step changes. 

A. Steady-State Performance 

Fig. 17 (a) presents the voltage and current waveforms of the 

MMC with the proposed even-harmonic repetitive control 

scheme activated at t1. It is obvious that the AC components of 

the differential current are reduced from 4.4 A to less than 0.8 A. 

The low-frequency harmonics in the circulating current are 

almost completely removed in a few fundamental cycles after 

t1. The high-frequency harmonics after t1 are mainly 

introduced by the switching of the semiconductor devices. The 

distortions in the arm currents are also removed, and only the 

DC and fundamental frequency components are retained as can 

be seen in Fig. 17 (a). The output voltage and current have been 

scarcely affected by the differential current even-harmonic 

repetitive control scheme. The sub-module capacitor voltages 

are sampled by the dSPACE because of the limitation of the 

channels of the oscilloscope. 

The arm currents and inner differential current regulated by 

different controllers are presented in Fig. 18 and the spectra of 

corresponding differential currents are illustrated in Fig. 19. It 

can be seen in Fig. 19 (a) that even order harmonics (dominated 

by 2nd and 4th harmonics) exist in the differential current if only 

a conventional PI controller is adopted to regulate the 

differential current. The differential current controlled by a PI 

controller with paralleled 2nd and 4th resonant controllers is 

shown in Fig. 18 (b), where small low-frequency ripples can 

still be observed in idiff. The spectrum in Fig. 19 (b) shows that 

the 2nd and 4th harmonics are well suppressed while more 6th 

harmonics can be found. The steady state performances of both 

conventional and even-harmonic repetitive controllers are 

almost the same and obviously better than that of PI and PR 

controllers, as shown in Fig. 18 (c) and (d). The harmonic 

spectra of these two repetitive controllers presented in Fig. 19 

(c) and (d) are similar as well. 

B. Dynamic Response 

The dynamic response of the repetitive control system is 

investigated in this set of experiments. The transients of the 

differential current while activating the conventional and 

even-harmonic repetitive controllers are illustrated in Fig. 20. 

After activating the repetitive controller at t = t1, the differential 

current regulated by the even-harmonic repetitive controller 

converges into the shadowed range smoothly by t = t2 (55 ms), 

while the harmonic contents are removed by the conventional 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Fig. 18. Steady state arm currents and inner differential current regulated by 

different controllers: (a) PI; (b) PI + 2nd R + 4th R; (c) Conventional RC; (d) 
Even-harmonic RC. 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Fig. 19. Spectra of inner differential currents regulated by different controllers: 
(a) PI; (b) PI + 2nd R + 4th R; (c) Conventional RC; (d) Even-harmonic RC. 
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controller by t = t3 (115 ms). 

The load inductance has been increased to be 16.3 mH in the 

following set of experiments in order to clearly show the 

dynamics of the control scheme under reference and load step 

changes with resistive-inductive loads. Fig. 21 presents the 

voltage and current waveforms of the MMC regulated by the 

two repetitive controllers when the output voltage reference 

steps from 0.5 to 0.833 at t1. The dynamic performances of the 

two controllers when the resistive load steps from 24 Ω to 12 Ω 

at t1 are shown in Fig. 22, where the power factor steps from 

0.978 to 0.9198 as well. The overall control system is stable 

during reference and load step changes. It can be seen in both 

Fig. 21 and Fig. 22 that idiff is settled down at t2 if it is controlled 

by an even-harmonic repetitive controller. On the other hand, 

idiff is stabilized at t3 if a conventional repetitive controller is 

adopted. The results of this set of experiments show that the 

dynamic response of the proposed repetitive control system can 

be improved without severe transients. 

C. Performance under Frequency Deviation 

In Fig. 23, a frequency deviation of fd = -2.5 Hz (-5%) is 

intentionally applied to the MMC output voltage reference 

while the repetitive controller is still designed for fs = 50 Hz. 

The experimental results suggest that the even-harmonic 

repetitive controller has better performance in harmonic 

suppression, reflecting a greater tolerance for system frequency 

variation than that of the conventional one.  As presented in Fig. 

23 (b), the normalized second-order harmonic current can be 

reduced by 31.53% if the conventional repetitive controller is 

replaced by the proposed one when fo = 47.5 Hz. 

 
 

Fig. 20. Inner differential currents of the MMC when the conventional 

repetitive controller and even-harmonic repetitive controller are activated. 

 

 
(a) 

 

 
(b) 

 

Fig. 21. Arm currents, differential current, output voltage and current 

waveforms during reference step change with: (a) Conventional repetitive 
controller; (b) Even-harmonic repetitive controller. 

 
(a) 

 

 
(b) 

 

Fig. 22. Arm currents, differential current, output voltage and current 
waveforms during load step change with: (a) Conventional repetitive controller; 

(b) Even-harmonic repetitive controller. 

 

 
(a) 

 

 
(b) 

 

Fig. 23. Inner differential currents regulated by different repetitive controllers 

@ fo = 47.5 Hz: (a) Waveforms of differential currents; (b) Spectra of 
differential currents. 
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VI. CONCLUSION 

This paper has presented an even-harmonic repetitive control 

scheme that incorporates half delayed control cycle to suppress 

the even-order harmonics in the differential current of an MMC. 

The proposed control scheme not only removes the harmonics 

but also exhibits faster dynamic response and better 

performance under system frequency variation in comparison 

to those of conventional repetitive controllers. The analysis 

suggests that, by reducing the number of error sampling periods, 

the repetitive controller is improved in terms of less chip 

memory occupation, shorter controller delay period, faster 

convergence rate, higher low-frequency gain, higher crossover 

frequency, and wider control bandwidth at desired frequencies. 

The mathematical analysis, PLECS simulations, and 

experimental results agree with each other very well. The 

results show that the harmonics in the differential current are 

well suppressed, the dynamic response of the differential 

current control scheme is doubled, and the harmonic 

suppression performance under frequency variation is 

improved by more than 30% as compared to that of the 

conventional repetitive controllers. 
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