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SUMMARY

Compared with the conventional line commutated converters (LCCs) based high voltage direct current
(HVDC), the voltage source converters (VSCs) based HVDC has more wide applications, due to the
advantages such as advanced controllability and reliability. Many topologies are proposed for the
VSC-HVDC system, among them the modular multilevel converter (MMC) is the most promising one
firstly proposed by Professor Marquardt of Universitat der Bundeswehr Miinchen. Recently, the
HVDC transmission based on MMC has been selected as the best solution for long-distance and high-
power transmission. The MMC consists of massive submodules (SMs) for the high voltage
applications. Each SM consists of several nonlinear components, such as the insulated-gate bipolar
transistors (IGBTS). The detailed MMC model needs to model all the components. To simulate the
detailed MMC model considering all the nonlinear components is time consuming and unpractical.
Therefore, it is of great significance to develop a simple and accurate MMC model.

In this paper, the operating conditions of MMC are analyzed, including the startup process and normal
operation. The equivalent circuits of MMC under different operating scenarios are established in the
following. Based on the equivalent circuits of MMC, the ordinary differential equations considering
the MMC internal variables, i.e., total capacitor voltage and the difference current are derived by
applying the Kirchhoff’s voltage law (KVL). In this case, the detailed SM is simplified for the
modeling of MMC. Based on above analysis, an average value MMC model is developed which is
composed of three controlled voltage sources to represent its ac-side and one controlled voltage source
to represent its dc-side. The magnitude of the controlled voltage source is determined by continuous
updating variables value through solving the ordinary differential equations. To validate the proposed
average value model, several simulation tests are conducted and compared between the proposed
model and detailed model in PSCAD/EMTDC, including the startup process, steady-state operation
and circulating current suppression, based on a back to back MMC-HVDC system. During the startup
process, the charging response of the proposed model follows the detailed model closely for both
uncontrolled pre-charge process and controlled pre-charge process. Same conclusion applied to the
steady-state operation. In order to show that the proposed model could also be used for the purpose of
controller design, a circulating current suppression control (CCSC) strategy is applied to both the
detailed MMC model and the proposed average value model. The simulation results show that the
CCSC can suppress the circulating current effectively. Meanwhile, the comparison results between
two models also validate the proposed average value MMC model. Since the proposed average value
MMC model shows the great performance on computational speed and model accuracy, it is feasible
for the simulation of large scale MMC-HVDC system and multi-terminal direct current (MTDC) grids.
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1 Introduction

With the expanding of voltage level and power demand, modular multilevel converter (MMC) appears
as a proper selection in high voltage direct current (HVDC) applications [1]. The MMC includes a
large number of power semiconductor devices. To model the MMC system based on the full physics
devices is unpractical for electromagnetic transient (EMT) simulation. To address this issue, many
studies have been conducted for the accurate and efficient MMC model. Among these models, the
average value model (AVM) attracts wide attention for its excellent computational efficiency.

The AVM is able to reproduce the averaged switching response while assuming that the voltages
among the submodules (SMs) are balanced perfectly [2]. In [3]-[4], several AVMs are developed by
deriving the mathematical expressions of MMC. However, only steady-state characteristics of MMC
can be illustrated. In [5], each arm of MMC is represented as a controlled voltage source, and the dc-
side model is represented as a controlled current source paralleled with an equivalent capacitor based
on the principle of power balance. To further simplify the MMC model, the ac-side model in [5] is
described as a three-phase controlled ac voltage source [6]. Though these models show excellent
computational performance, they cannot be applied to investigate the startup process. In [7]-[8],
additional diodes and ideal switches are introduced in the MMC model to connect the ac-side and dc-
side of MMC under the startup process. Nevertheless, it requires the corporation of the several
switches to mimic the characteristics of MMC under the startup process, which increases the
complexity of the model as well as the calculation time. To fill the gap, a complete and computational
efficient AVM for MMC including startup process and steady state operation has been proposed in
this paper.

2 Modeling of MMC

To develop the complete average value MMC model, the startup process and normal operation of
MMC are analyzed and modeled.

2.1 Startup Process
The startup process consists of two steps: uncontrolled pre-charge and controlled pre-charge.

i > | >
va J'Ei sM, || s ] | e s |
_ Ei SM, ]| |,,= = SM, | |, == SM | | =
When 1,,<0 ,—:I SM, ||| = SMs | SM; |
A : s Vi
= SMy | = SMy | SMy | 2
. DL DL L
Vot Lac Rac i, arm arm arm —
-Vp+ LacRacib > v yp
I — O o When Igy<0
0| - Ve+ Lac Rac |c‘
C|> Larm a Larm Larm
Ei SM, | SMy | Ml | P
. [1 SMZ | b SMZ | 5 SM2 | > 2
When 11,50 '_:I SM; | U SM, | Uy, SM; | e Charge
Sy : : .
= EYMIE ll:‘ SMy] . i:‘ SMy]l ¥ When igy>0
lia l_ lip ljc

Fig.1. Schematic diagram of HBSM-MMC system.



In the beginning of the simulation, the MMC is blocked. The capacitors are charging through the
freewheeling diodes of the SMs by the three-phase ac source. This stage is identified as uncontrolled
pre-charge process. The schematic diagram of half-bridge SM (HBSM) based MMC is shown in Fig.
1. The vj and ij stand for the ac voltage and the current of phase j (j=a,b,c). ixj presents the current in the
k arm of phase j, k=u, |. The subscripts u and | represent the upper and lower arm respectively. u;; is the

total capacitor voltage in k arm of phase j. Vq is the dc-link voltage of the MMC. Ry and L are the
resistance and inductance of the ac side, and Lam is the inductance of the MMC arm. SM; is the ith SM
of each arm, i=1,2, ..., N, while N is the number of SMs per arm. T1 and T, are two IGBTs while D,
and D; are the freewheeling diodes. C is the capacitance of each SM. isw is the injection current of SM.
The black arrows in Fig. 1 present the positive current flow direction.
For each blocked SM, when isw is positive, the SM capacitor is charging, as shown in the green block
in Fig. 1. When ism is negative, the SM capacitor is bypassed, as shown in the grey block in Fig. 1.
Taking phase-a as an example, when i, is negative, all the N SMs capacitors of the upper arm are
bypassed. When i, is positive, all the N SMs capacitors of the lower arm are charging. The SM
capacitor charging state of phase-a leg (upper arm and lower arm) is also shown in Fig. 1. To develop
the AVM of MMC under this stage, a charging index si; decided by arm current flow direction is
defined to represent the charging state:

1, ikj >0

0,i,; <0

where s, =1 means that all the N SMs capacitors in the arm are charging while si; =0 means bypassed.
The total SM voltage in the k arm of phase j uy is described as:
Ug =S4Us.k=u,land j=a,b,c

)

Sy = Jk=u,land j=a,b,c

)
The equivalent circuit for MMC during this stage has been proposed by using s,; *u;; to represent the
total SM voltage of each arm, which is shown in Fig. 2.
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Fig. 2. The equivalent circuit of MMC under uncontrolled pre-charge process.

From Fig. 2, the currents flowing through the upper and lower arm of phase j are given as
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where igirj is the difference current of phase j, iairi=(iy+ii)/2, j=a, b, C.

The total capacitor voltage of the upper and lower arm are defined as:
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According to Fig. 2, the circuit equations can be derived following the Kirchhoff’s voltage law (KVL).
For the upper arm of phase a and phase-b:
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For the lower arm of phase-a and phase -b:
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Subtracting (6) from (5), the differential equation of the difference current of phase-a and phase-b is
expressed as
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For the upper and lower arm of phase-b and phase-c, the differential equation of the difference current
is derived as
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From Fig. 2, the difference currents of MMC satisfy:
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According to (7)-(9), the differential equations of difference current are
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Therefore, the MMC model under uncontrolled pre-charge process can be modeled by continuous
updating the state variables by solving the differential equations (4) and (10).
The controlled pre-charge process follows the uncontrolled pre-charge process and the MMC
converter is deblocked. The insertion index in the upper and lower arm of phase j ny; and nj; are
determined by modulation signal m;:

1-m;
n, = 5
Jj=ab,c (11)
1+m;
n, =
2
The total SM voltage of in the k arm of phase j uy; is described as:
Ug =NgUs.k=u,land j=ab,c (12)

The proposed AVM for MMC under controlled charge process is obtained by replacing sk with ny; in
(4) and (10):
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Therefore, the MMC model under controlled pre-charge process is modeled by continuous updating
state variables value by solving the differential equations (13) and (14).

2.2 Normal Operation

In the normal operating condition, the MMC is also deblocked. The total SM voltage of each arm is
still n, *uy; . Therefore, the MMC model under normal operation is the same as the controlled pre-

charge process, which is described as (13) and (14).
2.3 Model Configuration

The proposed model is shown in Fig. 3. The ac-side and dc-side of the MMC system are decoupled,
represented by three-phase ac controlled voltage source e; and a dc controlled voltage source Ugc:

(15)
Equivalenet MMC Converter
Fig. 3. The proposed AVM for MMC system.
3 Model Validation
The performance of the proposed complete AVM is compared with detailed IGBT-based MMC-
HVDC back to back system under different operation states in PSCAD/EMTDC. The schematic
diagram of the simulation system is shown in Fig. 4.
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Fig. 4. The schematic diagram of the two terminals MMC-HVDC system.

The simulation system shown in Fig. 4 includes two MMCs, MMC; and MMC,. Both converters are
implemented with outer-loop voltage/power control and inner loop current control. The outer loop
control for MMC; is dc voltage/ac voltage control while active power/ac voltage control for MMC..
The control diagram of MMC: and MMC; are shown in Fig. 5(a) and (b), respectively. The time-step
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in simulation is 10 ps. The proposed MMC model can be used to design the controller. A circulating
current suppression control (CCSC) is applied in both side converters, and the control diagram is

shown in Fig. 6.
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Fig. 5. The control diagram of MMC-HVDC simulation system.
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3.1 Startup process

Fig. 6. The control diagram of CCSC.

Detailed model
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Fig. 7. MMC startup process. (a) Total capacitor voltage of MMC; phase-a upper arm. (b) Current of
MMC; phase-a upper arm. (c) Phase-a current of T, secondary winding side. (d) DC-link voltage of

MMC..

The response characteristics of the two models under the startup process are compared in Fig. 7. The
total capacitor voltage and current in the upper arm of MMC; phase-a are shown in Fig. 7(a) and (b).



The phase-a current of transformer T, secondary winding side is shown in Fig. 7(c). Fig. 7(d) presents
the dc-link voltage of MMC;. The uncontrolled pre-charge process and controlled pre-charge process
start at 0.1 s and 0.4 s, respectively. The simulation results illustrate that the proposed model can
follow the detailed MMC model response accurately.

3.2 Steady-state operation

The steady-state responses of the two models are compared in Fig. 8. The total capacitor voltage and
current in the upper arm of MMC; phase-a are shown in Fig. 8(a) and (b). The phase-a voltage and
current of transformer T, secondary winding side are shown in Fig. 8(c) and (d). The simulation results
show a perfect accordance between the proposed AVM and detailed MMC model during the steady-
state operation.
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Fig. 8. MMC steady-state operation. (a) Total capacitor voltage of MMC, phase-a upper arm. (b)
Current of MMC; phase-a upper arm. (c) Phase-a voltage of T, secondary winding side. (d) Phase-a
current of T, secondary winding side.

3.3CCSC

The CCSC is enabled at t = 4 s. The comparison results of the two models are presented in Fig. 9. Fig.
9(a) and (b) shows the total capacitor voltage and current in the upper arm of MMC; phase-a. The
phase-a circulating current of MMC; and MMC; are shown in Fig. 9(c) and (d). It could be visualized
from Fig. 9(c) and (d) that an obvious 2nd order (120 Hz) circulating current exists with a peak value
of 0.1566 kA before 4 s. The circulating current of both models is eliminated after 4 s. The simulation
results prove that the CCSC can suppress the circulating current effectively, and the proposed average
value MMC model can replicate the dynamic performance of detailed model closely.
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Fig. 9. CCSC of MMC. (a) Total capacitor voltage of MMC; phase-a upper arm. (b) Current of MMC;
phase-a upper arm. (c) Circulating current of MMC; phase-a. (d) Circulating current of MMC, phase-
a.

4 Conclusion

This paper analyses the operating conditions of MMC under the startup process and normal operation.
The equivalent circuit of MMC under different operating scenarios is proposed to derive the ordinary
differential equations of MMC internal variables afterwards. Furthermore, a complete AVM for MMC
is established based on the ordinary differential equations. The proposed model is validated by the
IGBTs-based MMC model in PSCAD/EMTDC under the startup process, steady-state operation and
CCSC.
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