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Abstract

The modular multilevel converter (MMC) is widely used in many important application fields such
as high voltage DC transmission system. And the multi-terminal architecture of it attracts many attentions.
However, the circulating current of MMC is an inherent problem which is mainly caused by the voltage
mismatch between arms and DC bus. In this paper, an advanced repetitive control method is proposed.
This method is based on the even-harmonic characteristic of the circulating current and the potential
feature of repetitive control that it has an internal integration part. The pole diagram of the closed loop
transform function of the proposed control system proves the stability of the proposed method. And
according to the simulation results of a three-terminal MMC-MTDC model in PSCAD/EMTDC, the
improved repetitive control presents better circulation repression ability and superior anti-interference
capability by comparing with traditional Pl control method. Additionally, the simulation results also indicate
that the proposed repetitive controller can restrain the fluctuation of SM voltage more effectively than PI
control.
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1. Introduction

With the advantages of large transmission capacity and control flexibility, the power
transmission among multiple isolated points can be realized by multi-terminal direct current
system (MTDC) which uses voltage source converter (VSC). In this way, VSC-MTDC has
significant practical value because it can be applied in many important fields, particularly
offshore wind power system [1, 2]. MMC is an attractive converter topology of VSC which
consists of many sub-modules (SM). Comparing with traditional two-level topology and three-
level topology of VSC, MMC is superior because it has flexible expandability, lower switching
frequency, higher power quality and better fault-handling ability due to its redundancy [3-5].
However, MMC has a well-known defect, that is, the circulating current which is caused by the
energy imbalance among three phases. This defect may lead to distortion of arm current,
enlargement of rated switching capacity, increase of device dissipation and even devices burn-
out [6-8]. Therefore, the method to restrain circulation current in MMC is necessary to be
studied.

The existing methods for circulating current restraining in MMC can be generally divided
in two types, that is, hardware methods and software methods. As for the first type, the core
idea is to achieve circulating current suppressing effect by changing the hardware parameters.
However, hardware methods can only decrease circulating current but cannot eliminate it, and
they will increase the volume and cost of the converter and has bad influence on its dynamic
performance. For example, reference [9] presents a method to suppress circulating current by
appropriately selecting arm inductance. Contrary to hardware methods, software methods are
implemented by improving control design based on various principles without changing
hardware parameters. The basic principles applied in this area include PI control used in
negative sequence double frequency dq rotating coordinate system [6, 7] and PR control with
the ability to follow a specific frequency harmonic [8]. But they both need large calculation and
cannot effectively suppress multiple frequency harmonics at the same time. Accordingly, the
repetitive control is proposed to suppress multiple frequency harmonics in MMC. But this control
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strategy has an unavoidable one fundamental period delay due to its internal model control
principle. Then, the idea of plug-in repetitive controller is appeared in [10-13], which combines
P1 controller with repetitive controller to eliminate not only even harmonics but also odd
harmonics. But the steady-state analysis in [14] shows that the circulating current harmonics in
MMC are dominated by even harmonics. So reference [15] presents an idea of even-harmonic
repetitive control. It can achieve nearly the same harmonic elimination performance as the plug-
in repetitive control mentioned above. Furthermore, even-harmonic repetitive control needs less
memory occupation and has faster dynamic response. But in all the papers mentioned above,
the PI controller is as a whole to be paralleled or cascaded with repetitive controller. Though PI
controller can improve the dynamic performance of the control system, but simple superposition
of two controller will lead to conflict between them. Additionally, in recent year, the circulating
current are mostly studied within MMC converter, but it is also worthwhile to be analyzed on the
system level in unbalanced grid conditions [16, 17].

In order to avoid the problems mentioned above and keep all the advantages, in this
paper, a new circulating current restraining method of MMC is proposed. This method is based
on an even-harmonic repetitive controller and a parallel proportional controller. The repetitive
controller is proved to have an equivalent internal integration part. And this internal integration
part is integrated with the outside proportional controller, so they can realize the function of a Pl
controller together. By comparing with previous plug-in repetitive control, the proposed method
has briefer control structure, faster respond speed and similar harmonic elimination ability. The
validity of this method is proved by simulation results of three-terminal MMC system in
PSCAD/EMTDC.

This paper is organized as follows. In Section 1, the structure and operating principle of
MMC-MTDC is analyzed, and the mechanism of circulating current is also studied. Section 2
presents the principle and design of proposed circulating current restraining method by
comparing with traditional repetitive control. Sections 3 validates the effectiveness of proposed
control scheme by simulation results. Section 4 concludes the paper.

2. Structure and Operating Principle of MMC-MTDC
2.1. Structure of MMC-MTDC

MTDC system contains three or more VSCs, and those converters are connected in
series or in parallel or both. In this paper, a parallel three-terminal MMC-MTDC system is
studied. In parallel pattern, the DC voltage of each converter is the same, so the power
allocation among converters is realized by changing DC current. In Figure 1, the terminal 1 and
2 are sending ends and terminal 3 is a receiving end.

AC System1 T L R n R L T AC System 2
MMC | ), MMC
1 e 2
L R L T  AC System 3
MMC
3

Figure 1. Structure of a three-terminal MMC-MTDC system

Figure 2 shows the structure of a three-phase MMC. This converter has upper and
lower arms in each phase, and every arm consists of several cascaded Sub-modules and an
arm reactor. And Figure 2 also shows the structure of a Sub-module, it is composed of a half-
bridge unit and a capacitor.
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Figure 2. Structure of a three-phase MMC

2.2. Operating Principle of MMC

According to Figure 2, the output voltage of a SM can be switched between the
capacitor voltage u. and 0 by turning on T, or T». If s is defined as a parameter of switching state
function, it equals to 1 when T, is on and T, is off, otherwise s is 0 [18]. So the voltage of upper
arm and that of lower arm in x phase can be expressed as formula (1) and (2).

n 1 t
Usp = Zk_l(sxkpugxkp) - ESkaIO prdt B

n 1 t
Uxn = Zk,l(Sanugxkn) - ESanIO Ixndt (2)

Where sy, (k=0...n and x=a, b, c) represents the switching state of the kth SM in upper arm of
phase x. For example, s,p=1 stands for the kth SM in upper arm of phase a is on, and Sg,=0
means it is off. Similarly, sy, (k=0...n and x=a, b, ¢) represents the switching state of the kth SM
in lower arm of phase x.

To keep DC voltage stable and obtain high-quality sinusoidal AC voltage, on the one
hand, the total output voltage of SMs in both upper and lower arms in one phase must equal to
Ugc. On the other hand, the value of uy, and uy, must be mirror-symmetric aroundUy /2 .

2.3. Analysis of Circulating Current of MMC

The equivalent circuit of circulating current in three-phase MMC is shown in Figure 3.
The output voltage of all the SMs in one arm can be seen as a controlled voltage source. uy,
Uxn, Ixp @nd iy, present the output voltage and output current of upper arm and lower arm of x
phase respectively (x=a, b, c). R, denotes the loss of each arm. ix stands for the AC output
current, and u, stands for AC output voltage. iy, represents the circulating current of phase x.
Uq denotes the voltage of DC bus.

The circulating current is defined as:

iy +1
xz:% (3)

Assume that the topology of three-phase MMC is symmetric, and the AC current is
allocated equally among three phases. So the relationships between circulating current and
output current of upper arm and lower arm of x phase can be obtained from equation (3) as
formula (4).
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If m means the number of SMs in one arm and Csy denotes the capacitance in SM,
then the average dynamic model of MMC can be expressed as formula (5) [19-22].

R moom U |
4 iy L, 2L, 2L, _ixz 2L.r
—-m
—|Uyp [ =]~ m 0 0 |uy X ()
dt Csm 2Cgm
Usxn m 0 o I xn mi X
| Csm J | 2Csm |

Applying KVL to MMC circuit, the relationship of parameters of MMC can be described
by matrix (6).

Rr 1 i><p Udc _ u_x
. -t 0 -— 0 . P

i pr _ Lr Lr Ixn T 2I—r I-r (6)

dt ixn 0 ,& ,i Uyp Udc +u_x

Le Lo Uxn 2L, L

Then the result of matrix (6) is showed in Equation (7).
. di

Uyp + Uxp = Uge — 2(erxz +L diz) (7)

According to Equation (7), it can be seen that the key to control circulating current is to
regulate (u.*uyn), that is, the common-mode component of arm voltage. And Equation (7) also
indicates that the imbalance between arm voltage and DC voltage is the root of circulating
current.

F + +
Uap Ubp Ucp
. - _ _
Udclzii
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i
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Figure 3. Equivalent circuit of circulating current in three-phase MMC

Since fundamental frequency component is contained in switching function of upper and
lower arms of MMC, the capacitor voltage of SM interacts with circulating current via switching
function. In this way, the low frequency harmonics in circulating current will contribute to the
appearance of high frequency harmonics. Additionally, circulating current in MMC only has DC
component and even frequency harmonics [14].
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3. Proposed Repetitive Control Scheme
3.1. Traditional Repetitive Control Scheme

The ideal expression of traditional repetitive control is presented on the left of the equal
sign in formula (8). And it shares a similar control performance with a group of resonant controls
together with an integrate unit as presented on the right of the equal sign in Equation (8) [23].

-Ls

e 1 w|1l 2s
—_— | =+ ) 8
1-e™* 2 27[{3 Z 2+(ka))2:| ®)

Where L is the period of input signal.

As eSis difficult to be realized by analog devices, repetitive control is always

expressed in a discrete way as Equation (9).

ZfN

Gre(2) = 1-7 N (©)

Where N=fJ/f, and f;, f, denote the sample frequency and fundamental frequency respectively.
The sample frequency equals to the control frequency of MMC, which is 10 kHz. And
fundamental frequency f, =50 Hz.

3.2. Proposed Repetitive Control Scheme

The traditional repetitive control is equivalent to an integrate unit and a series of
resonant controls. Therefore, by removing the integrate part of Pl control, the combination of
repetitive control and PI control presented in [10-13] can be simplified. And the conflict between
the internal integrate unit of repetitive control and outer integrate unit in Pl control can be
avoided. The resonant controllers inside traditional repetitive controller make the system have
poles with infinite gain at the points of nw,. Since only even frequency harmonics exist in
circulating current of MMC, the pole number is cut down and poles will only occur at the points
of 2nw, in the proposed repetitive control. This improvement of repetitive control can reduce
data memory and improve dynamic respond of the system [15].

The control block diagram of the proposed repetitive control is shown in Figure 4. The
proportional unit is parallel with repetitive control. In this case, the P unit is parallel with the | unit
inside repetitive control, and they realize the function of Pl controller together to improve the
dynamic performance of repetitive control. In addition, since the pole of traditional repetitive
control is distributed on imaginary axis, the system is on the edge of oscillation [10-13].
Therefore, it is necessary to modify the traditional internal model of repetitive control. As shown
in Figure 4, Q(z) is a constant less than lor a low pass filter. C(z) is a compensator to make up
the amplitude and phase angle of control system. And C(z) contains repetitive gain Kgc and
phase compensation link Z“. iA stands for the disturbance to circulating current from fault or
power sudden change, etc. G(z) is the discrete function of G(s), which is the control object. And
the expression of G(s) is G(z) =¥/(2sL, +R,) [11].

|
|
‘ |
even-harmonic | | DI .
o | | isturbance I
repetitive controller | ‘
Wact W, »
|

ﬁé—l' zV () ] “G(z)té»ﬁﬁ
””””””” = wd

Figure 4. Control block diagram of the proposed repetitive control
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3.3. Stability Analysis
In Figure 4, the relationship between input i. and output Wgrc of the even-harmonic
repetitive control is:

C(z)xzN?

Wge(2) = W

xig(2) (10)

The formula (11) shows the relationship between the input i and output Wy of
proportional control P(z).

W, (2) =Kpxio(2) (11)

The relationships of intermediate parameters are presented in formula (12). i, equals to
the deviation value between the input circulating current reference iy, Of phase x and the
actual output circulating current iy,.. The actual output circulating current iy, is equivalent to the
output of the proposed improved repetitive control Wy; multiplied by the control object G(z) and
then plus disturb in. And the output of even-harmonic repetitive control Wgc and the output of
proportional control Wy form the output of the proposed repetitive control Wy; together.

ie (2) = ixzref(z) - ixzc(z)
Ixzc(2) =Wy, (2) xG(2) +1,(2) (12)
Wy, =Wgc (2) +Wy (2)

Substitute Equation (10) and Equation (11) into Equation (12), and then yields the
expression of i in Equation (13).

[ arer (2) =14 @) %[22 ~Q(2)]

ie(2) = 250 (13)
KpG(z) +1 x| zV? - Q(z) + 22220
[Kp ()+]X{ Q()+KPG(Z)+J
Due to Equation (13), the characteristic equation of system is as follow.
C(2)G(2)
Kp G(z) +1x|zV2 —Q(z) + 222221 | — 0 14
[Kp G(2) ]{ Q(2) Ko G(@)+1 (14)
And this characteristic equation contains following two parts:
Fi(z) =Kp G(z)+1=0
£, @2 o)+ S28@ _g (15)

KpG(z)+1

According to the stability theory of discrete control system, the necessary and sufficient
condition of a stable system is that all the roots of the characteristic equation are situated within
the unit circle. So the characteristic roots of F1(z) and F,(z) in formula (15) are all required to be
within unit circle respectively to maintain the system stability. F;(z) represents the stability
condition of proportional control and F,(z) stands for that of the even-harmonic repetitive
control, and the corresponding control objects are G(z) and G(z)/(Kp G(z)+1). As the

proportional control is stable [24], so the key point of the system stability condition is that
characteristic roots of F,(z) need to satisfy formula (16).
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c@e@ | _,

KpG(z) +1 (16)

kwﬂ=kar—

Wherez=e!”" 0<w<7z/T .

3.4. Design of Proposed Repetitive Controller
In order to keep the stability of the circulating current suppressing system, the design of
C(z) and Q(z) needs to satisfy formula (16).
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Figure 5. Diagram of stability of the proposed Figure 6. Pole diagram of closed loop
repetitive control characteristic equation of the control system

Formula (16) are represented by vectors in Figure 5. The vectors are J(z), F(z) and
Q(z), where J(z) =C(2)G(2)/(Kp G(z) + 1) and F(z) = Q(z) — J(z) . Furthermore, the radius R of
the unit circle is 1 and the magnitude of F(z) is required to be less than 1. In this figure, Q(z)
presents the contribution to system robustness in medium and high frequency band. In low and
medium frequency band, the error is not big because of C(z) which compensates the phase and
amplitude of the control system, so J(z) nearly coincides with the real axis, and Q(z) is not
necessary in this case. However, in medium and high frequency band, the error is inevitable
and the effect of compensation is unwarranted. If Q(z) is removed or Q(z) = 1, then the center of
the unit circle is at point (1,0) and the circle is tangent to the imaginary axis with only first and
fourth quartile included in unit circle. In this situation, if the phase of J(z) exceeds 90°, then its
end must be out of the unit circle, which implies the instability of the system because F(z) > 1.
Therefore, in medium and high frequency band, Q(z) < 1 is necessary and it is equivalent to a
right shift of imaginary axis as showed in Figure 6 with imaginary line, then a part of the second
guartile and third quartile is also included in unit circle. In this case, the end of J(z) can be kept
within the circle even if the phase of J(z) exceeds 90°, which means the system is still stable
since F(z) < 1.

Nevertheless, sufficient gain is also needed to realize harmonic compensation and no-
steady-state error track, especially in low-medium frequency band. So in this way, the Q(z) is
better to be a low pass filter rather than a constant. Then it can satisfy both requirements of low
frequency band and high frequency band. Then, if a low pass filter is adapted, for one thing, the
center of the unit circle is near point (1, 0) in low-medium frequency band, which guarantees an
adequate gain. And for another, the imaginary axis will shift right a certain distance in medium-
high frequency band, which improves the stability of the system. To conclude, the adaptation of
the low pass filter is the optimization of stability and static error.

Table 1 shows the parameters of the proposed repetitive control. According to Juli
stability criterion and the transfer function of control object G(z), the value range of Kp is positive
and less than 30, and after comparing amplitude-frequency characteristic performances of
different Kp value, Kp is set as 10 in this paper [24]. As mentioned above, J(z) is with no phase
shift and no gain in low-medium frequency band, so the part without Kgc of J(z) can be regarded
as 1,and then J(z) is equivalent to Krc [24].
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Table 1. The Parameters of the Proposed Repetitive Controller

Parameters Value
Proportional controller Kp 10
Gain of repetitive controller Kgc 0.15
-1
Internal model filter Q(z) Qz)= zZ t2+1
4
Phase compensation link z°
Carrier frequency 10kHz
System bandwidth 1200Hz

Then formula (16) can be rewritten as follow:
Q(2) ~Kpe| <1 (17)

Kre must be positive because if the direction of J(z) is opposite and then the end of it
would be out of the unit circle, so the value range of Kgc can be obtained as formula (18).

0 <Kge <[Q(2) +1 (18)

The Q(z) is a low pass filter with the value always less than 1, and it becomes smaller
as the frequency increases. After overall consideration, Krc is 0.15 and the phase
compensation link is Z%in this paper.

Figure 6 shows the pole diagram of closed loop characteristic equation of the control
system with designed parameters. In Figure 6, the low frequency poles (such as second, fourth
and sixth frequency harmonics) are extremely close to the edge of the unit circle, but they are
still inside the circle. And this feature warrants sufficient gain at these low frequency points and
would contribute to higher respond speed and better tracking property. As for poles of high
frequency, they are polarized inward (as the blue arrow shows) and ensure the steadiness of
the system. Therefore, it can be seen that the circulating current suppression under the
proposed repetitive control fully satiates the conditions of system stability.

4. Simulation Realization
4.1. Simulation Model and Parameters

A three-terminal MMC system with 129-level is built in PSCAD/EMTDC, and the
topology of each terminal is the same. Sending end 1 and 2 adapt constant active power control
and constant reactive control, and receiving end 3 takes constant DC voltage control and
constant reactive power control. Traditional Pl control based on dq decoupling method and
proposed repetitive control are employed to each terminal at different time to restrain circulating
current. The system is in unit power factor operation and uses nearest level modulation (NLM)
[25-27]. The related simulation parameters are listed in Table 2.

Table 2. Simulation parameters

Model parameters Value Model parameters Value
Line voltage of power grid / kV 110 Capacitance of SM / mF 6.9
Equivalent resistor of power grid /Q 1.8 SM switching frequency/ Hz 216
Equivalent inductance of power grid /mH 6 System rated frequency / Hz 50
Ratio of transformer 110/168 Rated direct voltage / kV 320
Carrier frequency/ Hz 10000 SM rated capacitor voltage /kV 25

Voltage modulation degree of rectifier side 0.845 Voltage modulation degree of inverter side  0.888

4.2. Simulation Result

The simulations are set in four different conditions, namely the normal operation, single
phase to ground fault happens on the AC side of end 3, line fault happens at a DC line and
three-phase short circuit fault happens at end 3. In all conditions, the system initially operates
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without any circulating current control strategy, and then traditional Pl control based on dq
decoupling method is applied to repress circulating current during 1.5 s to 2 s, and the proposed
repetitive control replaces PI control after 2 s.

4.2.1. Condition 1: Normal Operation

The condition 1 is that the system operates in hormal condition. The Figure 7 shows the
simulation results of three-phase circulating current of end 3 in normal operation. The
Figure 7(a) is the result of the circulating current suppression method based on traditional Pl
control, and Figure 7(b) is the result of that based on the proposed repetitive control. It is clear
that the proposed repetitive control presents superior circulating current restraining ability than
Pl control, and the harmonics in circulating current is nearly eliminated after the proposed
strategy is used.

The Figure 8 shows the capacitor voltage of a sub-module of end 3 in normal operation.
It can be seen from Figure 8 that the peak-valley difference of SM voltage is suppressed to be
approximately 0.2 kV after the PI control is carried out at 1.5 s, and the fluctuation of SM voltage
is further restrained after the proposed method is applied at 2 s.

000000

Current/kA
o o

1.47 1.48 1.49 15 1.51 1.52 1.53 1.54 1.55 1.56 1.57
(a) Circulating current when PI control applied at 1.5 s

% 0.4
g 0.2
3 0

1.97 1.98 1.99 2 2.01 2.02 2.03 2.04 2.05 2.06 2.07

(b) Circulating current when proposed repetitive control applied at 2 s
Time/s
Figure 7. Three-phase circulating current of end 3 in condition 1
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Figure 8. SM capacitor voltage of end 3 in condition 1

4.2.2. Condition 2: One phase to ground fault happens at the AC side of end 3

The condition 2 is that the end 3 has one phase earth fault lasts for 0.1 s at 1.6 s and
2.2 s at the AC side of it.

The Figure 9 and Figure 10 are the simulation results of three-phase circulating current
and SM capacitor voltage of end 3 in condition 2 respectively. As shown in Figure 9, both the
traditional PI control and the proposed repetitive control are able to restore to original condition
after the one phase fault is removed, but the two non-fault phases of the latter has the maximum
offset less than 0.1 kA from normal position while that of the former is more than 0.2 kA. And the
fluctuation of circulating current is wiped off.

TELKOMNIKA Vol. 15, No. 3, September 2017 : 1048 — 1060



TELKOMNIKA ISSN: 1693-6930 m 1057

And in Figure 10, while applying repetitive control, the fluctuation amplitude of SM
voltage is smaller than that when PI control is employed during the fault. And after the fault is
removed, the amplitude of SM voltage is restored to original condition when proposed repetitive
control is applied.

% OAmmmmmmmm AA\/ X[ v\k \/\AAA MWWWY\W
g 0.2 \
g e O0ONGUCGO WWWWW
e AL ANAVANATASAVANAN)

1.55 1.6 1.65 1.7 1.75 1.8

(a) Circulating current when Pl control is applied in condion 2

< 04 T e — : : :
] S [

2.15 2.2 2.25 2.3 2.35 2.4

(b) Circulating current when proposed control is applied in condition 2
Time/s
Figure 9. Three-phase circulating current of end 3 in condition 2
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(a)SM woltage when PI control is applied in condition 2
>
E’ 26 ﬁ A A A
- BAAV LAY AN AAAAA
g 1.9 1.95 2 2.05 2.1 2.15 2.2 2.25 2.3 2.35 2.4
(b)SM wltage when proposed control is applied in condition 2

Time/s

Figure 10. SM capacitor voltage of end 3 in condition 2

4.2.3. Condition 3: line fault happens in DC line

The condition 3 is that earth fault occurs at a DC line for 1 s at 1.6 s and 2.2 s. The
Figure 11(a) and (b) present the simulation results of three-phase circulating current of end 3.
And the simulation results of SM voltage are showed in Figure 12(a) and (b). In all figures, the
fluctuations result from DC line fault are cleared up in 0.1 s, but repetitive control shows better
anti-interference capability than PI control with smaller maximum amplitude of circulating current
and SM voltage in fault period.

< o4
= WWWWW
o
5 -0.2 AV
O

1.55 1.6 1.65 1.7 1.75 1.8

(a)Circulating current when PI control is applied in condition 3

<< A
~ 04 \
\/
S 0.2
O

2.15 2.2 2.25 2.3 2.35 2.4

(b)Circulating current when proposed control is applied in condition 3
Time/s

Figure 11. Three- phase circulating current of end 3 in condition 3
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(a) SM woltage when PI control is applied in condition 3
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Figure 12. SM capacitor voltage of end 3 in condition 3

4.2.4. Condition 4: Three-phase short circuit fault happens at the AC side of end 3
The condition 4 is that three-phase short circuit fault happens at the AC side end 3 for
0.001satl.6sand?2.2s.
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Figure 13. Three-phase circulating current of end 3 in condition 4
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Figure 14. SM capacitor voltage of end 3 in condition 4

Figure 13 and Figure 14 present the simulation results of three-phase circulating current
and SM voltage of end 3. It can be seen that proposed repetitive control shows similar
superiority of anti-interference capability with the above conditions.

5. Conclusion

In this paper, the structure and operating principle of MMC-MTDC and the circulating
current mechanism of MMC are presented firstly, then the characteristic of traditional repetitive
control is analyzed. Afterwards, by considering even-harmonic characteristic of MMC circulating
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current and equivalent embedded integration structure of repetitive control, an improved
repetitive control strategy is proposed. The pole analysis verified the stability of proposed
controller with designed parameters. Finally, the simulation verifications are based on the three-
terminal 129-level MMC mode in PSCAD/EMTDC. The effectiveness of the proposed control is
proved by comparing with traditional PI control based on dq decoupling method in both balance
grid condition and unbalance grid condition. The four different conditions of simulation are
normal operation condition, one phase earth fault condition, line fault in dc-line condition and
three-phase short circuit fault condition. The simulation results show better circulating current
suppression ability and anti-interference capability of the proposed repetitive control scheme
than PI control in all conditions studied above. And the results also indicate that the proposed
repetitive controller can suppress the fluctuation of SM voltage more effectively than PI control.
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