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Abstract: Conventional circulating current (CC) control schemes of the modular multilevel converters
(MMC) typically suppress the CC to zero to reduce the system loss. However, the non-zero CC can
also bring additional benefits. In this paper, a peak arm current minimization method of the MMC
using multiple circulating current injection control (MCCIC) is studied. Specifically, the second-order
CC (SOCC) and the fourth-order CC (FOCC) are used to achieve this purpose. Firstly, the amplitude
and phase angle of the SOCC are determined to shape the arm current into a saddle wave. Next,
the amplitude and the phase angle of the FOCC are studied to further cut flat the crest of the saddle
wave to minimize the peak arm current. The feasibility boundary for the proposed strategy is
discussed quantitatively. Moreover, a decoupling circulating current control strategy is developed
for precise control of the SOCC and FOCC. In the end, the proposed techniques are verified via both
PSCAD/EMTDC simulation and RTLAB&RTU-BOX hardware-in-the-loop experiment. The results
show that the peak arm current of the MMC operating with high power factors can be reduced by
about 23% and its power handling capacity can be increased by about 30%.

Keywords: modular multilevel converter (MMC); circulating current injection control; peak arm
current; power handling capacity

1. Introduction

Nowadays, the modular multilevel converter (MMC) has become one of the most
attractive topologies for high-voltage and high-capacity applications [1,2]. The MMC
has been widely used in the field of high-voltage DC transmission (HVDC) systems [3]
thanks to its modularity, scalability, high efficiency, and low harmonics [4], etc. Under the
background of vigorous development of new energy, the development of the MMC-based
HVDC system (MMC-HVDC) is flourishing [5-7].

The current MMC-HVDC transmission system has reached GW-class capacity [8],
whose massive input may trigger problems such as insufficient strength and low inertia of
the power system [9]; thus, making short-time frequency stability one of the most pressing
security issues in modern power systems [10,11]. Hence, MMC-HVDC systems may be
expected to provide ancillary services to the grid where they are located [12,13]. While
doing so, the MMC already operating at rated capacity must be capable of moving outside
its rated operation range, which means that the MMC has been endowed with overload
capability. However, the IGBT modules are sensitive to both overvoltage and overcurrent
phenomena, so the operational limits of the IGBT modules in terms of Safe Operating Area
(SOA) must be respected [14]. Undoubtedly, this issue can be overcome by using oversized
IGBT modules that can reliably switch the increased peak current. However, this approach
would significantly increase the investment cost of the system.

Alternatively, the overload capability of the MMC can be achieved simply by proper
control techniques, i.e., by reducing the peak current flowing through the MMC, which
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allows the MMC to deal with more power without increasing the rating of the IGBT
modules. The exploration of control schemes for peak current reduction of the MMC needs
to be incorporated with its operating characteristics. It is widely known that the currents
circulating between the three phases of the MMC, commonly referred to as the circulating
current (CC), are intrinsic characteristics of the converter [15,16], where the second-order
CC (SOCC) and the fourth-order CC (FOCC) dominate in this three-phase CC [17,18].
Reference [19] claims that the peak arm current of the MMC can be reduced by a reasonable
SOCC injection. As a result, the MMC can handle more active power when using the same
rating of IGBT modules. However, the specific design method of the SOCC is not presented.
Moreover, the scheme does not take the combination of the FOCC into account.

Undoubtedly, the control design of the CC is an essential part of the MMC, which
plays a significant role in its operational performance. The existing CC control targets can
be summarized as follows.

(1) CC elimination control (CCEC). The elimination of the CC is a commonly adopted
control target, which aims to reduce the power loss of the MMC by reducing the
RMS of its arm current [20,21]. However, power loss reduction by this mean is quite
insignificant since the CC only increases the RMS of the arm current slightly [22]. In
addition, the elimination of the CC will increase the peak arm current of the MMC
compared with the scenario where the CC is naturally present [23].

(2) CC injection control (CCIC). The presence of a moderate CC in the arm current of
the MMC is acceptable and it can be utilized as a control freedom to optimize the
characteristics of the MMC. Compared with the control target of the CCEC, this group
can be uniformly categorized as the CCIC. Following this idea, researchers have con-
ducted in-depth studies on the links between the CCIC technique and the performance
improvement of the MMC, such as capacitor voltage ripple suppression [24,25], ther-
mal management optimization [26,27], and operation region extension that has been
presented in [19], etc. Compared with the CCEC, the CCIC trades off the conversion
efficiency of the system in exchange for the MMC's performance improvement in a
particular area. Therefore, the CCIC is suitable for scenarios where there are special
requirements for a particular aspect of the MMC.

The control implementation of the CCEC mainly relies on a synchronously rotating
reference frame that utilizes the classical Park transformation for executing control loops
in the dg coordinate system [20,28]. Similarly, the CC control in the a8 coordinate system
can also be achieved using the classical Clark transformation [29,30]. Some advanced
CC control structures, such as the energy-based control structure [31] and the repetitive
controller-based control technique [32], have also been developed to achieve better CC
control performance. However, the complex multi-objective optimization process and the
lack of intuition may limit the application of these methods. In fact, it is possible to achieve
unification between the CCEC and the CCIC in terms of control implementation, i.e., the
control loops are identical, while their control reference values are different. In general, the
reference values of the control loop of the CCEC are set to zero, while those of the CCIC are
non-zero quantities designed to improve the performance of the MMC.

In order to extend the P/Q operation range of the MMC set by the peak arm current,
multiple circulating current injection control (MCCIC)-based peak arm current minimiza-
tion technique is proposed in this paper; which, can further reduce the MMC peak current
by simultaneously injecting SOCC and FOCC into the arm current in comparison with [19]
only injecting SOCC into the arm current. The major contributions of this paper include:

(1) Itreveals the relationship among the SOCC, the FOCC, and the peak arm current of
the MMC under various power factors.

(2) The optimal magnitudes and phase angles of the SOCC and the FOCC allowing
for peak arm current minimization of the MMC have been designed in detail under
various operating conditions. It can further reduce the peak arm current of the
MMC in comparison with the technique proposed in [19], leading to enhanced power
handling capacity of the MMC.
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(3) It designs a decoupling control strategy to obtain accurate control of the SOCC and
the FOCC.

The following is the organization of this paper. Section 2 shows the structure and
operation principle of the MMC and analysis of its peak arm current with the CCEC scheme.
Section 3 presents the working principle of the proposed peak arm current minimization
control, followed by comprehensive evaluations of the MMC performance in Section 4,
including peak arm current reduction, power handling capacity improvement, and sys-
tem loss increase. Detailed control implementation of the technique and the proposed
decoupling circulating current control strategy is explicated in Section 5. The simulation
and experiment verification are conducted in Sections 6 and 7, respectively, to indicate the
effectiveness of the method. Finally, Section 8 presents the conclusion.

2. Operation Principle and Peak Arm Current Analysis of the MMC with the
CCEC Scheme

2.1. Structure and Operation of the MMC

The circuit configuration of a three-phase MMC is shown in Figure 1a, which is
composed of six arms, and each arm consists of N identical submodules (SMs), an arm
inductor L,, and an equivalent resistance R;. The upper arm and the lower arm in the same
phase form a phase unit. Each SM contains a capacitor and a half-bridge converter that
consists of two IGBT modules. The MMC is connected to the point of common coupling
(PCC) through a YD-connected transformer.
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Figure 1. Block diagram of the MMC: (a) circuit topology; (b) equivalent circuit.

Figure 1b depicts the equivalent circuit of the MMC based on its Arm Average Model
(AAM) [15,31]. The AAM of the MMC comprises many assumptions, such as infinite
switching frequency, identical submodule behavior, and linear loss distribution, etc. Ac-
cording to Figure 1b, the upper arm voltage iy, the lower arm voltage i, and the upper
arm current iy, the lower arm current iy, can be described as

—N—
N
<
m‘§m‘§

. I . i
— €x — €cirx Ixp = % + leirx + 17 )
+ex — ecirx ixn = % + iy — ljx

where Uy, and I present the DC-side voltage and DC-side current, respectively; i,
denotes the CC flowing through phase x; ey is the inner electromotive force (EMF) driving
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the current iy; ey, is the EMF driving the current iz, [31]. Please note that the CC in

this paper is defined as the difference between the common-mode current of phase x and
one-third of the DC-side current that equally flows into each phase.

In Figure 1a, the phase current iy and the phase voltage us, can be generally expressed as

Usy = Uy cos(wt + by) _

{ iy = Lycos(wt—@+0y) 7 x=abc @

where U, and [, represent the magnitudes of us, and iy, respectively; ¢ is the phase
difference between the voltage us, and the current iy; 6, represents the phase sequence
angle of positive order, and 0,, 8, and 0. equal 0, —2/37 and 2/3m, respectively; w is the
fundamental angular frequency of the AC grid.

Accordingly, the relationship between I, and I;. can be established as follows [15,22]:

I = Zmlm cos ¢ 3)
where m denotes the modulation index of the MMC, and it equals 2U,;, / Uy,. In general, the
rated modulation index of the MMC-HVDC system is usually set as 0.85 [8,15,22].

2.2. Analysis of the Peak Arm Current of the MMC with the CCEC Scheme

Here we take only the upper arm of phase a as an example; the other five arms are
also available in the same way.

When the CCEC is used, the current flowing through the upper arm of phase 4, i.e.,
iap_E, can be expressed as

lop E = %idc + %iu = %Im %m cos ¢ + cos(wt — @) 4)
Accordingly, the waveform of i, g when the MMC operates in the inverter model can
be drawn, as shown in Figure 2a. In Figure 2a, i ;,,» denotes the SOCC flowing through
phase a, which has been controlled to zero in this case.
To obtain the instant at which the peak arm current would occur, (4) is differentiated
and equated to zero, as in the following equation:

diupr 1 .
Tor - _Elm sin(wt — ¢) =0 (5)
Solving the above equation yields
sin(wt —¢) =0 ©)
cos(wt — @) = £1

Obviously, the arm current i,, p attains peak when cos(wt — ¢) =1, i.e., point A in
Figure 2a. Then, the value of point A, i.e,, igp_E_A, is

. 1. 71
lop ELA = Elm {zm cos @ + 1] (7)
The arm current iy, f attains trough when cos(wt — ¢) = —1, i.e., point B in Figure 2a.
Then, the value of point B, i.e., l‘apigig, is
. 1.1
lop EB = Elm [zm cos ¢ — 1} 8)

Comparing (7) and (8), we can obtain

Z'ap_E_A > |iap_E_B | (9)
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As aresult, iy, g a represents the maximum value of iz,  when the MMC operates in
the inverter model.

Similarly, Figure 2b shows the waveform of iy, r when the MMC operates in the
rectifier model. In this case, the absolute value of point A represents the maximum value of
the arm current iy, .

| |

) S S S IS
| |
| |

1

Figure 2. Schematic diagram of the arm current of the MMC with the CCEC scheme: (a) inverter
mode; (b) rectifier mode.

The maximum value of the arm current of the MMC with the CCEC scheme, i.e.,
(iap_E)max, under various operating conditions, can be summarized as follows.

) 1
(I”P—E>max =In <41X + 05) (10)
where & = |m cos ¢|.

3. Proposed Control Method for Peak Arm Current Minimization
3.1. Analysis of the Peak Current of the MMC Operating in the Inverter Mode
3.1.1. Single Injection of SOCC

Noteworthy, Reference [19] presents only the concept that an appropriate SOCC
injection control can reduce the peak arm current of the MMC. However, no detailed
amplitude and phase design methods for the SOCC are investigated. Here, we must fill
this gap first.
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When injecting a SOCC into phase 4, the instantaneous expression of the arm current
can be expressed in a general way as

lop 12 = %mlm cos ¢ + %Im cos(wt — @) + kL, cos(2wt — ¢2) (11)

Leira2

where 75, 1> denotes the arm current of the phase 2 upper arm of the MMC when injecting a
SOCC; igjyy2 represents the injected SOCC and ¢; and k; are its phase angle and normalized
magnitude, respectively.

As can be seen from (11), the fundamental-frequency component in iz, > attains a
peak at wt = ¢. Substituting wt = ¢ in (11) yields

) 1 1
lop 12 = Zmlm cos ¢ + Elm + kol cos(2¢ — @2) (12)

When the MMC is set to operate in the inverter mode, the DC side current is positive,
ie., cosg >0, and therefore, the amplitude of the positive arm current needs to be reduced.
In the positive half of the arm current, in order to locate the trough of the SOCC and the
peak of the fundamental-frequency current of the arm current in one place, it is necessary
to satisfy

$2 =29 1
{ ko <O ( 3)

As a consequence, the peak arm current of the MMC will be reduced as long as k, < 0.

Now, the top of the positive part of iz, 1> becomes a saddle wave, as shown in Figure 3a.

'1 m

Figure 3. Schematic diagram of the arm current of the MMC using the CCIC scheme in the inverter
mode: (a) single injection of SOCC; (b) joint injection of SOCC and FOCC.
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Substituting ¢, = 2¢ in (11) results in the following;:
1 1
lop.12 = Emlm cos ¢ + Elm cos(wt — @) + kp Ly cos (2wt — 2¢) (14)
Finding the derivative of (14) with respect to wt yields
diap_IZ 1 . .
Tof _Elm sin(wt — ¢) — 2k Iy, sin(2wt — @) (15)
Equating (15) to zero, one has
sin(wt —¢) =0 (16)
cos(wt — @) = —8172
It can be seen from (16) that there are four extreme points, which are
A: sin(wt) —¢) =0 , cos(wt; —¢) =1
B sin(wty; — @) =0 ,  cos(wty —¢) =—1
. \/64k3—1 17
C:  sin(wtz — @) = g2 , cos(wiz — @) = —8172 (17)
. \/64k3—1
D: sin(wty —¢) = — 8k22 , cos(wty —¢) = —%

The locations of points A, B, C, and D are shown in Figure 3a, respectively. By
substituting (17) in (14), the following equations can be obtained.

iap_IZ_A = Iy %m cos @ + % + ko
lap_12.B = Im %m cos g — % + ko a8)
: 1 1

lap_I2_C = Im Zm COSs (P — kz — %

: _ 1 1
lap_IZ_D = Im lm COS ¢ — kz — %

where iy, 12 A, igp_12_B, lap_12_c, and igy_p_p denote the values of the arm current iy 1> at
points A, B, C and D, respectively.

Since kz <0, igy_1_p is the smallest of the four extreme points; while, at least one of the
other three extreme points is positive. Now, the two cases should be discussed separately.

CaseLiigy 12 A =lap 2. =lap 12 D-
In this case, k; = —1/8 can be obtained. Then, the maximum value of the arm current
of the MMC in this case, i.e., (izp_12)max1, can be deduced as

. 1 3
(lapflz)maxl = Iy [4171 cos ¢ + 8} (19)

Case IL:igp 12 A 7# iap_12_C = lap_12_D-
Now, we can easily obtain iy, 12 A <ig_12_C = igp_12_D- Then, the maximum value of
the arm current of the MMC in this case, i.e., (is_12)max_t2, can be deduced as

. 1 1
(iap_12) pax o = Im {4#1 cos ¢ — ky — 32k2} (20)
As can be observed, the value of (is_2)max_k2 is a function of k. To obtain the instant
at which (igp_12)max_2 18 minimized, (20) is differentiated and equated to zero, as in the
following equation:

d(i“p—lz)max_kZ =1, + I
— = m

=0 21
dk, 32132 @
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According to (21), we can obtain

ky= %" (22)

Then, the maximum value of the arm current of the MMC with a single injection of
SOCC, i.e., [(igp_12)max_k2]max, can be deduced as

V2

) 1
[(zﬂp_lz)maxikz} = [4m cos ¢ + == (23)

Obviously, [(izp_12)max_k2]min < (fap_12)max1 can be obtained.

3.1.2. Joint Injection of SOCC and FOCC

To further reduce the maximum value of the arm current of the MMC, an additional
FOCC can be injected to reduce the values of points C and D. When an FOCC is sub-
sequently injected into phase 4, the instantaneous expression of the arm current can be
expressed in a general way as

lop 124 = }Imlm cos(p +96) + %Im cos(wt — @)

—le cos(2wt — 2¢) + kgl cos(4wt — @) (24)

42

. icira4
leira2
where iy, 24 denotes the arm current of phase 4 upper arm of the MMC when injecting
SOCC and FOCC simultaneously; i,4 is the injected FOCC and ¢4 and k4 represent its
phase angle and normalized magnitude, respectively.
In the positive half of the arm current, in order to locate the trough of the SOCC and
the peak of the FOCC in one place, it is necessary to satisfy

=4
{ Igcof>0¢ @)

Now, recalculating the values of points A and C(D), we can get

{ iap71247A =1y Hm CoSs ¢ + % + k2 + k4] (26)

lap 124 C(D) = Im [%m cos ¢ —ky — ﬁ _ k4}

It can be seen from (26) that the additional injection of the FOCC raises the value of
point A while pulling down the values of points C and D.

The maximum value of the MMC arm current with the jointed injection of SOCC and
FOCC should be smaller than that when only the SOCC is injected. In other words, the
value in (26) should be smaller than that in (23). Consequently, we can obtain

0<ky< %ﬁ — (27)

1
2

Moreover, it is known from (26) that the maximum value of the MMC arm current
obtains its minimum value when i, | A =14 _|_c(D) is satisfied, yielding

1 1

Substituting ky = — V/2/8 into (28) shows that the value of k4 satisfies the limitation
set in (27).
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Combining (26) and (28), the maximum value of the MMC arm current with the joint
injection of SOCC and FOCC can be expressed as

: 1 1 V2
(lap—124)max =1, [41’” cos @ + 1 + E (29)
Comparing (23) and (29), we can obtain (isp_r24)max < [(fap_12)max_k2Jmin-
Now, the value of point B becomes
. 1 1
lgp 124 B = Ly 11’}1 cos ¢ — 5 + k2 + k4 (30)

A schematic diagram of the arm current of the MMC operating in the inverter mode
with the jointed injection of the SOCC and the FOCC can be obtained, as shown in Figure 3b.
In this figure, i,,2 and i;,4 indicate the injected SOCC and FOCC, respectively. It can be
seen that the top of the positive part of iy, 124 has been cut flat, meaning that the peak arm
current has been minimized.

3.1.3. Determination of Feasibility Boundary

It is worth noting that in order to ensure the normal operation of the MMC, the
following limitation needs to be met.

%mcos¢+%+k2+k4 >0
}Imcosgo—%+k2+k4 <0 (31)

%mcosq)—%—i—kz—i-kzl < %mcosq)—i—%

The first two inequalities of (31) are essential for the proper operation of the MMC,
i.e., in order to ensure the balance of the submodule capacitor voltages, the arm current of
the MMC must have a fraction less than zero and must have a fraction greater than zero.
Substituting (22) and (28) into the first two inequalities of (31), one has

%mcosq)—i—%+k2+k4:%mcosq)—i—};—k%ﬁ>0 (32)
1 Ll g k=1 34 V2 1 3, V2 g
gmecosQ —5 +kpt+ky=gmcosp—3+ 3G <717+t 1% <

That is to say, in the case of m > 0 and cos¢ > 0, the first two inequalities are definitely
satisfied.

The third inequality of (31) indicates the purpose of the proposed strategy. As seen
in Figure 3b, although the proposed MCCIC strategy can reduce the peak of the positive
half of the arm current, it also pulls down its negative amplitude (point B). Therefore, if the
third inequality is not satisfied, it will instead increase the overall peak arm current.

Solving the third inequality of (31) yields

mcos ¢ > 0.32 (33)

In fact, (33) specifies the feasibility boundary of the proposed multiple CC injection
technique. When the MMC-HVDC system is expected to provide short-term frequency-
supporting service by transferring more active power, the system will be set to operate
with a unity power factor, i.e., cosp = 1. Hence, under the envisaged operation condition,
mcos¢ > 0.85 can be achieved, which means the limitation set in (33) can be satisfied.

3.2. Analysis of the Peak Current of the MMC in the Rectifier Mode

When the MMC is set to operate in the rectifier mode, the DC side current I is
negative, i.e., cos¢ < 0, and therefore, the amplitude of the negative arm current needs
to be suppressed. In the negative half of the arm current, the peak of the SOCC should
be aligned with the trough of the fundamental-frequency component of the arm current;
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while, the trough of the FOCC should be aligned with the peak of the SOCC. Consequently,
we can obtain )
ko = =~
4V2 (34)
{ ko =~k — g T 1
Similarly, it is known that the feasibility boundary of the MMC operates in the rectifier

mode is
—mcos ¢ > 0.32 (35)

The schematic diagram of the arm current in the rectifier mode is shown in Figure 4.
The derivation process is similar to that in Section 3.1 and will not be repeated.

Figure 4. Schematic diagram of the arm current of the MMC with the MCCIC scheme in the

rectifier mode.

To sum up, the values of k; and k4 under various operating conditions can be gathered as

L[ ex<ax
Yo o0<a<o032

Inverter mode :
LR R
*7 o 0<a<032
(36)

ky =

<a<0.32
Rectifier mode : 0 0<ax<03
e {

_21 1 o03p<a<l
0 0<a<032

{@ 032<a<1

Then, the maximum value of the arm current with the proposed MCCIC scheme under
various operating conditions can be summarized as follows.

In(}a+034) 032<a<1

lap_124 = (37)
(. 124) In(}a+05) 0<a<032
4. Evaluation of the Performance of the MMC with the MCCIC Scheme
4.1. Evaluation of the Arm Current Reduction
Define #; as
i — (i
gt = VB = U200, (38)

(i”P_E) max
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In fact, #; measures the percentage reduction of the maximum value of the arm current
when using the proposed MCCIC technique. It is worth noting that 7; is a definition specific
to this paper and does not have a broad meaning.

Substituting (10) and (37) into (38), we can obtain

a+2

65
5 032<a<l1
’71{0 0<a<032 39

The numerical method allows drawing the values of #; with the variation of « in
the interval scale a€[0, 1]. The result is depicted in Figure 5a. It can be seen that 77 is
inversely proportional to « when a€[0.32, 1]. Therefore, #; achieves its maximum value
when « = 0.32, which is 28.1%; and #; achieves its minimum value when « = 1, which is
21.7%. When a€[0, 0.32], #; = 0 can be got due to no CCs will be injected. In other words,
the proposed method allows the MMC operating at high power factors to utilize IGBT
modules of 21.7% lower current rating with the same power levels.

30

25+

20

(b)

Figure 5. Values of #; and #p with the variation of a: (a) #y; (b) #p.

4.2. Evaluation of the Power Handling Capacity Improvement

When the peak arm current of the MMC is reduced, its power handling capacity will
be enhanced for the same rating of IGBT modules. This is beneficial to move the MMC into
the overloaded operation region.
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Define #p as

" (iﬂP—E)max B (i”p—124)max
= _—1  x100% = !
"= 100 - Ul (fap_124) o

x 100% (40)

It is clear that 77p measures the percentage increase of the power handling capacity
when using the proposed MCCIC technique.
Substituting (10) and (37) into (40), we can obtain

032<a<1

0<a<032 1)

008 135
— o+
-
The values of #7p with the variation of « in the interval scale « € [0, 1] are shown
in Figure 5b. As can be observed, 7p is inversely proportional to « when a € [0.32, 1].
Therefore, 17p achieves its maximum value when a = 0.32, which is 38.9%; and #p achieves
its minimum value when « = 1, which is 27.7%. when a€[0, 0.32], we have #; = 0. As a
result, with the same rating of IGBT modules, the MMC can output more than 27.7% of the
rated active power that is set by the peak arm current, which facilitates bringing the MMC
into the overload operation region.

4.3. Evaluation of the System Loss Increase

Compared with the CCEC scheme, the losses of the MMC system will be increased
inevitably as the proposed strategy injects the SOCC and the FOCC into the arm currents.
The total losses of the MMC system can be computed analytically using the method
proposed in [33]. In this paper, the total system loss is calculated for the two different
schemes (the CCEC scheme and the MCCIC scheme) by using the parameters of the ABB
IGBT module of rating 3000 A, 4500 V (5SNA 3000K452300) [34]. Figure 6 depicts the
percentage increase in system losses, i.e., 1, which is defined as

PP
L = PE

x 100% (42)

where Py and P denote the losses of the MMC system using the MCCIC scheme and CCEC
scheme, respectively.

11.5

ML (%)

02 04 06 08 1 1.2
Active power (p.u.)

Figure 6. Values of 1, with different power levels.

As can be seen, the MMC losses with the MCCIC scheme are about 11% higher than
those with the CCEC scheme at high active power levels. However, the active power
handling capacity of the MMC can be improved by more than 27.7% under these operating
conditions. Besides, the duration of the short-term frequency support service is usually
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around a few seconds; which, means that the economic losses due to the increased losses
can be negligible.

5. Controller Implementation and Decoupling Control of SOCC and FOCC
5.1. Controller Implementation

In this paper, the PCC is set at the grid side of the transformer. According to the
commonly used vector-based control structures [31], the current amplitude I5;, and the
power factor angle ¢s of the PCC can be expressed as

Ism = /12, + 12, )

- iy
Qs = arctan(isd)

where iy; and i5; denote the direct-axis component and quadrature-axis component of the
three-phase grid currents.

For a transformer with YD11 connection, the converter-side currents lead the gird-side
current by 71/6; therefore, the converter-side current i, can be written as

_ Lm

Iy = kT COSs Gp — @s + % + pr (44)

where 0, is the output of the Phase-Locked Loop (PLL); kr is the ratio of the transformer; 8y,
represents the phase sequence angle of positive order, and 04, 0y, and 6, equal 0, —2/37
and 2/3m, respectively.
Combining (11), (13) and (44), the reference value of the injected SOCC of phase x is
given by
. kz Ism 7T
Leirxref2 = ? cos [2971 —2¢s + 3 + exn} (45)
where 0y, represents the phase sequence angle of negative order, and 6,5, 8,, and 6., equal
0,2/3mand —2/3m, respectively.
Similarly, combining (24), (25) and (44), the reference value of the injected FOCC of
phase x can be deduced as

) kal 27
ZCii’xref4 = ‘;(;m COS |:49p — 4@5 +—+ 9xpj| (46)

3

Reference [20] proposed a CC control architecture that decomposes the three-phase
CCs into two DC components based on the double line-frequency negative-sequence
rotational frame, and the two DC components are vanished by a pair of proportional-
integral (PI) controllers. The control’s simple structure and ease of implementation make
it one of the most commonly used CC control frameworks. When the reference values of
the two DC components are both set to zero, CCEC can be achieved. Similarly, when the
reference values of the two DC components are set to the values calculated in this paper,
MCCIC-based peak arm current minimization control can be achieved. Hence, only the
reference values of the CC control proposed in [20] change, while, the control architecture
and control parameters are identical; thus, making the proposed strategy easy to implement
in the industry.

The reference values of the injected SOCC and the FOCC in the dg coordinate system
can be gathered as

T T
{lcirdrefZI lcirqrefZ} = TSs/dq ( _29p ) {lcimrefzr Leirbref2s lcircreij
T 47)

{icirdref4l icirqrefél} = TBS/dq (49p) [icirarelel icirbref4r icircref4}
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where T3;/44(e) is the transformation matrix of the abc stationary coordinate system to the
dq rotating coordinate system. The expression of T3;/4,(e) is given as follows:

_ 2[ cos(fp)  cos(fp—3m)  cos(6, + 3m)
T3s/dq (GP) T3] — sin(ep) — Sin(ep - %75) - sin(Qp + %71)

(48)
Figure 7a illustrates the overall control structure of the proposed peak arm current
minimization control. The control structure comprises the following loops.

(1) The PLL-based dual closed-loop control loops for active power or DC-side voltage,
reactive power and the three-phase grid currents;

(2) The SOCC control links and the FOCC control links;

(3) The modulation synthesis link and the modulation link;

(4) A series of coordinate transformation links.

Udc

Coordinate

>
. 5q
Uy — transformation -PLL P

T, dq/3s

Grid current control

777777777777777777 =
Eciraref2 \
>

|

Ecirb ‘
ctrrefZ\_»

\

Ecircref2 ‘
>

SOCC control

PR —

— —
€cirareft|
5

Ecirbref4 |
of4 ey

Switching signals iL

Arm voltage synthesis (Eq. 52), and Modulation

FOCC control

€circreft
— |

Figure 7. Cont.
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(b)

Figure 7. Block diagram of the proposed MCCIC-based peak arm current minimization technique
of the MMC: (a) overall control block diagram; (b) block diagram for calculating decoupling actual
values of the SOCC and the FOCC.

In Figure 7a, €uf, €prer, and egr denote the fundamental-frequency EMFs driving
the grid currents i, i, and i, respectively; eiarer2, €cirbrer2, and €circrerz denote the second-
order EMFs driving the SOCCS igj2, icirp2, and igrca, respectively; eciarera, €cirbrers, and
ecircrefa denote the fourth-order EMFs driving the FOCCs ijy4, icirpa, and icipca, respectively.
According to (1), the ultimate modulation voltages of the six arms of the MMC are given as
follows:

1
h A Ugpref = judc — Caref — Cciraref2 — Cciraref4
phase _ 1y ) ‘
Ugnref = 3 Udc + Caref — Cciraref2 — Ccirarefd

1
u =zsUy —e —e. —e.:
phase B bpref % dc bref cirbref2 cirbref4 (49)
Upnref = 3 Udc + Coref — Ccirbref2 — Ccirbref
1
u =sU; —e —e.; —e.
phase C cpref 7 Ydc cref circref2 circref4

_ 1
Ucnref = Qudc + €cref — Ccircref2 — Ccircrefd

5.2. Decoupling Control of SOCC and FOCC

As shown in Figure 7a, the SOCC and the FOCC are controlled by sending the differ-
ences between their reference values and the actual values in the dg coordinate system to
the PI controllers, respectively. Now, another key issue that should be addressed is that [12]
only regulates the SOCC, while the FOCC is left uncontrolled. However, in this paper, the
SOCC and the FOCC are injected simultaneously. The reference values of the two CCs are
non-zero and different from each other. Thereby, the coupling will occur if the actual values
of the total CC are used directly to obtain the actual values of the SOCC and the FOCC in
the dg coordinate system. To deal with this problem, a decoupling control strategy, which
is shown in Figure 7b, is proposed for the case where multiple CCs need to be controlled
simultaneously.

The working principle of the proposed decoupling control strategy lies in the fact that
the bandwidth of the CC control is usually designed to be relatively high [29-31]. Hence,
it can be assumed that the actual value of the CC is exactly equal to its reference value.
Then, the actual value of the SOCC can be obtained by subtracting the reference value of
the FOCC from the actual value of the total CC. Similarly, subtracting the reference value of
the SOCC from the actual value of the total CC will yield the actual value of the FOCC. The
procedures to calculate decoupling actual values of the SOCC and the FOCC are depicted
as follows.
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The common-mode current i..,;» should be obtained first, which contains both the DC
component and the CC components. That is

. 1,. . 1 . .
leomx = E(ZXP + Zxn) = 3 Z Leomx + leirx (50)

x=a,b,c
Then, the CC of phase x can be extracted as

1
3
X

icomx (51)

=a,b,c

Leirx = lcomx

Accordingly, the expressions for the actual value of the SOCC of phase x, i.e., icjry2,
and the actual value of the FOCC of phase x, i.e., izy4, can be deduced as

Dot =i — .
{ .c1rx2 B cirx .czrxref4 , x=a,b,c (52)
Teirxd = leirx — leirxref2

Finally, the actual values of the injected SOCC and the FOCC in the dg coordinate
system can be given as follows:

. . T . . .
[lcirdZI lciqu] . = T3s /dq (_29P) [lciraZ/ Leirb2s lcicm] T (53)
[icird4/ icirq4] = TSs/dq (49]0) [icim4/ icirb4/ icirc4] T

Now, all the control variables required for the MCCIC-based peak arm current mini-
mization technique have been obtained. Obviously, the proposed technique simply makes
use of the variables already present in the main control system; which, implies that it avoids
the utilization of additional hardware circuits and the subsequent increase of the system
complexity and costs. Moreover, it requires only some basic mathematical operations, so
the control burden will be not unduly increased.

6. Simulation Verification

To verify the proposed method, a three-phase MMC, extracted from China’s Zhangbei
multiterminal DC system [13,31], is built in the PSCAD/EMTDC platform. The simulation
parameters of the MMC are given in Table 1.

Table 1. Simulation parameters of the MMC system.

Parameters Simples Values Units
Rated apparent power SN 1680 MVA
Rated active power Py 1500 MW
Rated reactive power On 750 MVar
Rated DC bus voltage Uien 500 kv
Grid voltage (L-L) U.Nn 230 kV
Rated frequency f 50 Hz
Transformer ratio kr 230/260 /
Transformer leakage inductance Lt 0.15 pu
Number of submodules per arm N 250 /
Submodule capacitance C 20 mF
Arm inductance L, 30 mH
Grid inductance Le 40 mH

In each of the following simulations, the three subgraphs from top to bottom are:

(1) Active power P and reactive power Q;
(2) Grid current i;, SOCC igjpp and FOCC ijy04 of phase a;
(3) Upper arm current i,, and lower arm current iy, of phase a.
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6.1. Performance of the MMC in the Inverter Mode

The performance of the MMC operating in the inverter mode before and after using
the proposed MCCIC technique is verified first. The active and reactive power reference
values are initialized to 1500 MW and 750 MVar, respectively. The MMC is set to operate
in the CCEC strategy before t = 1 s; when t = 1 s, it is switched to the proposed MCCIC
strategy. The simulation results are shown in Figure 8.

&
S P
S 1500 ~
S Q
g' 10001 N n
2 500
a
@ 0 1 1 1 1 1
0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
< 5 ! e i ' —
E o /| \
53 i cired
5.'_50 T RO TR T
=2
— [+
S 5pN ; ; , , i
0.97 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05
T T T T It/s T T T
< 4 1 3.69. ! | |
=
S 2
g
=
]
O tar v i\ \/ \/ \/ \/
~ 1 _157 1 1 1 o 1 1 -242 1 1

097 098 0.99 1 1.01 102 103 104 105

Figure 8. Simulation waveforms of the MMC operating in the inverter mode before and after using
the proposed MCCIC strategy.

As can be seen from Figure 8, in the positive half of the arm current, the trough of
the SOCC is aligned with the peak of the fundamental-frequency component of the arm
current, and the peak of the FOCC is aligned with the trough of the SOCC, which states
that the precise control of the SOCC and the FOCC has been achieved.

The comparison of the calculated and simulated results for each point of the arm
currents in Figure 3b for this operating condition is shown in Table 2, where the first row of
each item indicates the theoretical value and the second row indicates the actual value read
from the simulation waveforms. It can be seen that the calculated results match with the
simulation results, verifying the correctness of the theoretical analysis. According to Figures
2a and 3b, we know that I and I¢(py denote the maximum values of the arm currents with
the CCEC scheme and the MCCIC scheme, respectively. The peak arm current is reduced
by 23.3%, which matches with the calculated result of (39) of 23.6%.
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Table 2. Comparisons between the theoretical values and the simulation results of the arm currents.

Inverter Mode Rectifier Mode
CCEC MCCIC CCEC MCCIC

e (6 26 / i /
Ia (k) / 255 / By
Iy / s ? e
few) (k4) / 255 / 2

6.2. Performance of the MMC in the Rectifier Mode

The performance of the MMC operating in the rectifier mode before and after using the
proposed MCCIC strategy is shown in Figure 9. The active and reactive power references
are initialized to —1500 MW and 0, respectively. Set the MMC operating in the CCEC
strategy before t = 1 s, and then switch the MMC to the proposed strategy when t =1s.
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3_2000 1 1 1 1 1

097 098 099 1 101 102 103 104 105
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Figure 9. Simulation waveforms of the MMC operating in the rectifier mode before and after using
the proposed MCCIC strategy.

It can be observed from Figure 9, in the negative half of the arm current, the peak of the
SOCC is aligned with the trough of the fundamental-frequency current of the arm current,
and the trough of the FOCC is aligned with the peak of the SOCC. Therefore, accurate
control of the SOCC and the FOCC can be obtained by the designed CC decoupling
control technique.

The comparison of the calculated and simulated results for each point of the arm
currents in Figure 4 for this operating condition is also shown in Table 2. As can be seen,
the calculated results are consistent with the simulation results, verifying the correctness of
the theoretical analysis. According to Figures 2b and 4, one knows that Ir and I¢(p) denote
the maximum values of the arm currents with the CCEC scheme and the MCCIC scheme,
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respectively. Obviously, the arm current of the MMC is reduced by 23.0%, which matches
with the calculated result of (39) of 23.2%.

6.3. Dynamic Performance of the MMC Considering Switching Processing

Next, the dynamic performance of the MMC considering switching processing when
using the proposed MCCIC method is verified because k; and ks must be switched under
different operating conditions. The smoothness of this switch processing will be examined
here. The simulation result of this case is shown in Figure 10, where the green dashed line
indicates the current waveform of the phase a upper arm when using the CCEC strategy for
the same operating conditions. The working conditions of this simulation are set as follows.

(1) Stagel [t <1 s]: the MMC is set to operate in (P = 1500 MW, Q = 750 MVar) condition.
In this stage, the maximum value of the arm current is reduced by 23.0%.

(2) Stage2[1s<t<1.06s]: the MMC is set to operate in (P = 0, Q = 750 MVar) condition.
In this stage, k» = k4 = 0 can be obtained since « is less than 0.32. Hence, the arm
current waveform of the MCCIC strategy is the same as that of the CCEC strategy.

(3) Stage 3 [t > 1.06 s]: the MMC is set to operate in (P = —1500 MW, Q = 750 MVar)
condition. In this stage, the maximum value of the arm current is reduced by 23.2%.
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Figure 10. Simulation waveforms of the MMC considering switching processing.

Additionally, the transfer process of each operating condition is smooth without
overshoot and oscillation, verifying the effectiveness of the proposed MCCIC strategy.

According to Figures 8-10, it can be concluded that the proposed method leads to a
significant reduction in the current rating requirements of the IGBT modules of the MMC
operating at high power factors compared to the existing CC control schemes.

6.4. Overload Performance of the MMC

To verify that the MCCIC strategy can improve the power transfer capability of the
MMC, it is set to operate at (P = 1500 MW, Q = 750 MVar) condition with the CCEC strategy
before t =1s; when t > 1 s, the MMC is shifted to (P = 1950 MW, Q = 750 MVar) condition
with the proposed MCCIC strategy. The simulation results are shown in Figure 11. It can
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be seen that after the active power command is increased to 1.3 pu, the maximum value of
the arm current is equal to that when the active power is 1 pu under the CCEC strategy.
Therefore, we can conclude that the proposed method can extend the operating range of the
MMC by minimizing its peak arm current, which facilitates the MMC to provide auxiliary
services, such as short-term frequency response during emergency conditions.
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Figure 11. Simulation waveforms of the overload performance of the MMC.

7. Experimental Verification

The proposed method is also verified in RT-LAB & RTU-BOX hardware-in-the-loop
(HIL) experimental platform. The system setup and configuration used for verification are
shown in Figure 12. The switching circuit of the MMC is built in RT-LAB, and the controller
shown in Figure 7 is implemented in RTU-BOX with a core of TMS320C28346 DSP. The
data between the RT-LAB and the RTU-BOX are exchanged via multiple DB37 cables. The
execution cycle of the RT-LAB is 100 ps and the control cycle of the RTU-BOX is 10 us. The
RT-LAB and the RTU-BOX are controlled by two computers. The data delay between the
RT-LAB and the RTU-BOX is about 150 ps. The RT-LAB and the RTU-BOX are controlled
by two computers.

RTLAB (Detailed switching circuit) | Computer and Oscilloscope

DB37 Cable

RTU-BOX (Controller)

Figure 12. The experimental platform of the studied MMC system.
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Due to the performance limitations of the RTLAB, the number of SMs per arm in the

HIL experiments is set to 25, which is equal to one-tenth of the simulations. To ensure
that the equivalent capacitance C/N remains unchanged, the capacitance C per SM is also
reduced by 10 times. Other parameters are the same as simulations.

Figure 13 shows the HIL experimental results of the MMC before and after using the

proposed method. The four subgraphs from top to bottom are:

(1) Active power P and reactive power Q;
(2) Three-phase AC grid currents ig;, iy, and is;
(3) Three-phase CCs iy, icirp, and iy (including aggregated SOCC and FOCC);
(4) Currents flowing through the upper arm and lower arm of phase 4, i.e., igy and igy,
and the current flowing through the upper arm of phase B, i.e., iyp.
CCEC MCCIC MCCIC
P,y =1500MW, P,y=1500MW, P,y =1500MW,
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Figure 13. Experimental waveforms of the MMC before and after using the proposed strategy.
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The operating conditions are set as follows.

Stage 1 [t < 0.04 s]: the CCEC strategy is used and the MMC is set to operate in
(P =1500 MW, Q = 0) condition. In this stage, the maximum value of the arm current
is 3.40 kKA.

Stage 2 [0.04 s < t < 0.14 s]: the MCCIC strategy is enabled and the MMC keeps
operating in (P = 1500 MW, Q = 0) condition. In this stage, the maximum value of the
arm current is 3.62 kA, achieving a reduction of 22.7%.

Stage 3 [t > 0.14 s]: the MCCIC strategy keeps enabled and the MMC is set to operate
in (P = 1500 MW, Q = 750 MVar) condition. In this stage, the maximum value of the
arm current is 2.81 kA. Obviously, the arm current waveform of the MMC has been
sliced off.

Similar to the simulation results is that the transfer process of each operating condition

is smooth without overshoot and oscillation.

The overload performance of the MMC has also been experimentally validated, which

can be seen in Figure 14. The MMC is set to operate in (P = 1500 MW, Q = 0) condition with
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the CCEC strategy before f = 0.1 s, and then switches to the (P = 1950 MW, Q = 0) condition

with the MCCIC strategy.
CCEC MCCIC
P,y=1500MW, P, =1950MW,
Qre/ =0. QH?/:O'
P[750MW/div] 7 : 20ms
| 0[750MVar/div]
lsa Lspy Lse 6kA/d1V Isa
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wrwq Wf AV /A VTRV NAVN AV
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Figure 14. Experimental waveforms of the overload performance of the MMC using the
proposed strategy.

As can be observed, when the active power is increased to 1.3 pu, the maximum value
of the arm current is equal to that when the active power is 1 pu with the CCEC strategy. In
other words, the power transfer capacity of the MMC has been enhanced by 30%.

8. Conclusions

In this paper, a peak arm current minimization control strategy of the MMC based
on the jointed injection of the SOCC and FOCC is proposed. The following conclusions
are obtained.

(1) By injecting both the appropriate SOCC and FOCC, the maximum value of the arm
current can be reduced by about 23%, which allows up to a 30% overload ability of
the MMC operating with high power factors beyond its active power limit set by the
peak arm current.

(2) The CC decoupling control technology developed to take advantage of the high
bandwidth of the current loop allows precise control of the SOCC and the FOCC to
be achieved.

(3) Compared to the CCEC scheme, the losses of the MMC operating with high active
power levels are increased by about 11% when using the proposed scheme. However,
this increased loss can be neglected due to the short-term overload operation setting.

The developed peak arm current minimization algorithm is relatively simple because
it just uses variables already available from the main control system and only demands
some basic mathematical operations. Hence, it can be easily embedded into the main
control system without great effort. These advantages are promising for the MMC with
critical demand on short-term overload requirements.
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It is worth noting that this paper focuses only on specific design approaches for the
amplitude and phase of the above two CCs in order to minimize the peak arm current
of the MMC, which indicates the most important obstacle to improving its active power
transfer capability. However, the obtained overload capability through the MCCIC scheme
will be also subject to the thermal constraints of the IGBT modules. Another critical issue to
be dealt with is how to obtain the optimal overload capacity of the MMC depending on the
maximum allowable junction temperature of the IGBT modules, which will be our future
research direction.
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