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An Application of Proportional-Resonant Controller in MMC-HVDC
System under Unbalanced Voltage Conditions
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Abstract — This paper presents an application of proportional-resonant (PR) current controllers in
modular multilevel converter-high voltage direct current (MMC-HVDC) system under unbalanced
voltage conditions. The ac currents are transformed and controlled in the stationary reference frame
(ap-frame). Thus, the complex analysis of the positive and negative sequence components in the
synchronous rotating reference frame (dq-frame) is not necessary. With this control method, the ac
currents are kept balanced and the dc-link voltage is constant under the unbalanced voltage fault
conditions. The simulation results based on a detailed PSCAD/EMTDC model confirm the effectiveness

of the proposed control method.
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1. Introduction

The modular multilevel converter (MMC)-based high
voltage direct current (HVDC) system is a new type of
voltage source converter (VSC) for medium or high voltage
direct current power transmission. Recently, it has become
more competitive because it has advantages over normal
VSC-HVDC system such as low total harmonic distortion,
high efficiency, and high capacity [1, 2]. The operation of
the MMC-HVDC system has been investigated by many
authors over the world. In [3-5], the authors presented the
control strategies for eliminating the circulating currents
and maintaining the capacitor voltage balancing of the
MMC. The dynamic performances of the MMC-HVDC
system have been analyzed in [6]. Similar to other HVDC
systems, the stable and reliable operation of the system
must be researched carefully, especially when the system
operates under fault conditions. In [6-8], the authors
showed out the control methods of the MMC-HVDC system
under the unbalanced voltage conditions. Almost all of
them only focus on the use of proportional-integral (PI)
current controllers in the synchronous rotating reference
frame (dq-frame) for enforcing steady-state error to zero.
However, the use of these PI current controllers will be
difficult under the unbalanced voltage conditions because
of the complex control of the positive and negative
sequence components of the currents [6-8]. Recently, the
simple proportional-resonant (PR) current controllers in the
stationary reference frame (of-frame) have been developed
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to overcome this problem [10]. The most important
performance of the PR current controllers is that the
currents are controlled directly in the of-frame. Therefore,
the complicated analysis of the positive and negative
sequence components of the currents is ignored.

This paper presents an application of the PR current
controllers in the MMC-HVDC system under the unbalanced
voltage conditions. The complicated analysis of the positive
and negative sequence components in the dq-frame is not
necessary because the currents are controlled directly in the
op-frame. The purposes are to keep a balance on the ac
currents and a constant on the dc-link voltage.

The rest of this paper is organized as follows. Section 2
is the configuration of the MMC-HVDC system. The
proposed control method of the MMC-HVDC system is
presented in Section 3. Section 4 is the simulation results.
Finally, Section 5 draws the conclusions.

2. Configuration of the MMC-HVDC System

The configuration of the MMC-HVDC system is depicted
in Fig. 1. A MMC-HVDC system consists of two back-to-
back-connected MMC units. Each MMC is structured by
six arms as shown in Fig. 1(b). Each arm has a total of N
sub-modules (SM) connected in series and a series inductor
which provides current control within the phase arms and
limits fault currents. Two arms in the same leg comprise a
phase unit. A SM is a half-bridge cell which consists of two
IGBTs, two anti-parallel diodes, and a capacitor. The ac-
side of each MMC is connected to a unity grid through a
series-connected resistance and inductance and a wye-delta
three-phase transformer.

The output voltage of each SM, v,,,, has two values: (i)
Veu = v, If T; is switched on and 7, is switched off, (ii) v,
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Fig. 1. Configuration of the MMC-HVDC system: (a) single-line diagram; (b) circuit

configuration

0 if 7, is switched off and 7, is switched on. The
charging or discharging of the capacitor depends on the
direction of the current. If the current flows into the SM,
the capacitor is charged. If the current flows out of the SM,
the capacitor is discharged.

3. The Proposed Control Method
of the MMC-HVDC System

3.1 Proportional-resonant controller

The PR controller has been analyzed in [10]. A PR
controller is constituted by the proportional regulator and
resonant controller. The transfer function of the ideal PR
controller with an infinite gain at the ac frequency of ® is
given by

Ks

G=K, +—tis
s+’

» (1

The K, is the proportional gain that is adjusted as the
same way for a PI controller. The K; can be tuned for
shifting the magnitude response vertically. Bode plots of
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the PR controller are shown in Fig. 2. As mentioned before,
the magnitude is infinite at the resonant frequency, this is
necessary to enforce the steady-state error to zero. The
magnitude response of the PR controller is increasing with
the increase of the value of K, (Fig. 2(a)). A small X; gives
a low resonant peak, whereas a large K; gives a higher
resonant peak (Fig. 2(b)).

The advantage of the PR controller is that it can control
directly signals in the af-frame. Hence, a transformation
into the dq-frame is not necessary. This is very important in
case of the unbalanced voltage conditions. Because the
signals in the af-frame only have one component with the
frequency of ®, the analysis of the positive and negative
components under the unbalanced voltages is thus ignored.
As a result, the control system with the PR controller will
be more simple than that with the PI controller.

3.2 The current controllers

Under the unbalanced voltage conditions, the conventional
method is to analyze the positive and negative sequence
components in the dq-frame [6-9]. The transformation
between the positive (dq)", negative (dq)” and op-frames
are given by [9].
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where 0=wt. F denotes the vector of the voltage and
current. Superscripts + and - refer to the positive (dq)* and
negative (dq) -frames, respectively.

However, this control method is complicated and it
requires more current controllers due to the negative
sequence components. A more simple method is to analyze
the operation of the system in the af-frame because there is
only one component with the frequency of @ in the af-
frame under the unbalanced voltage conditions. From Fig.
1(b), the ac-side phase voltages are calculated by

di, .
K vy
dt

v, =i, R+L )

th_j

where j is the three-phase components of the voltages or
currents, j = a, b, c. k denotes to the MMC-1 and MMC-2,
k=1,2. vy, v ;, and i ; are the three-phase voltages and
currents of the MMC-k. R and L are the resistance and
inductance of the system, respectively.

These voltages can be rewritten in the af-frame as

)

. dlk a
Vet :lk,aR+L_d7 +v

2 h

o

(6)

2%

K

i g :ikiﬁR+L

+ Vie p

diy
t
where Vo o, Vo g Ve w» Vi p» Bk o and iy 4 are the af-axis
components of the three-phase voltages and currents of the
MMC-£.
From (5) and (6), the PWM voltages can be calculated as

diy
dt

v

th_a

=—i, ,R-L +vg (7

a
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(@)

) diy 4
Vi p= "k p -

-L

+v ®)

sk_p

The PWM voltages will depend on the control of the ac
currents. The current controllers used in this paper are the
PR current controllers. The a-axis current is used to control
the reactive power, meanwhile the B-axis current is
employed to control the active power or the dc-link voltage.
The current controllers can be described as

* Ks )+ .

Vi o = —(Kp +m](lka iy )
* KiS ,* .

Vi p= _(Kp + JERp. j(lkﬂ _lkiﬂ)+vsk7ﬂ (10

where the superscript * denotes the reference values of the
signals.

Assuming that the three-phase currents are kept in
balance under the unbalanced voltage conditions with the
PR current controllers. Therefore, the negative sequence
component of the currents is zero. The instantaneous power
at the ac-side can be expressed by

b= (11)

. .
(vskfd'lkfd +Vsk7q-lk7q)

where P and Q are the active and reactive powers at the ac-

side, respectively. v;, ,and vy, , are the dg-axis components

of the voltages in the positive (dq)*-frame.
Because v, , =0, the reference currents in dq-frame

can be rewritten as

+ . + .
(vskid'lkiq _vskiq'lkid (12)

O =

oW W

(13)



Ngoc-Thinh Quach, Ji-Han Ko, Dong-Wan Kim and Eel-Hwan Kim

*@l#’

0 e@ {7t @
O, » v,
= al al- o th_a
A _q l v.rkia b °V1 »
pe el o a”
T Vi
B+ 30 1, L
Pe % _q ’k,ﬁ -1 Y. Va_s
Va q° e_p Vsk_p
(a)

Ve i@”iﬁq
V2o

(b)
Fig. 3. Overall control diagram of the MMC-HVDC system
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If the MMC-£ is used to control the dc-link voltage, the
g-axis component of the reference current is modified by

(6, 7]
(K + K j(Vdf

where V. is the dc-link voltage. The band stop filter can be
used to filter the double frequency oscillation component
in the dc-link voltage.

Finally, these current components are transformed into
the ap-frame by using (2) to get the reference currents for
(9) and (10).

The overall control diagram of the MMC-HVDC system
is shown in Fig. 3. The outer control loop is employed to
control the active power, the reactive power and dc-link
voltage with the PI controllers. The output signals of the
outer control loop are the reference currents in the dg-
frame, and these currents are then transformed into the of3-
frame. The inner control loop is used to control the currents
with the PR current controllers. The output signals of the
inner control loop are the reference voltages that are
applied to the PWM method and the capacitor voltage
balancing method to get the gating signals for IGBTs. The
g-axis current component of the MMC-£ in Fig. 3(a) will
be replaced by the Fig. 3(b) if the MMC-k is used to
control the dc-link voltage.

v2) (15)

4. Simulation results

To evaluate the effectiveness of the proposed control
methods, the simulation results are carried out in two cases
with the support of the PSCAD/EMTDC model. The first
case is the control of the MMC-HVDC system under
single phase-to-ground (SPG) fault with the PI current
controllers and without compensating the negative sequence
component of the currents. Another case is the use of the
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proposed control method for the MMC-HVDC system
under the same fault as the first case. The parameters of the
MMC-HVDC system are shown in Table 1. The MMC-1 is
used to control the dc-link voltage and the reactive power,
meanwhile the MMC-2 is used to control the active and
reactive powers. In the case of study, the command active
power is set at 200 MW and it is flowing from the MMC-1
to the MMC-2. The command reactive power is zero at

MMC-HVDC
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Fig. 4. The operation of the MMC-HVDC system with the
PI current controllers and without compensating the
negative sequence component of the currents under
the single phase-to-ground fault: (a) MMC-2 three-
phase voltages; (b) MMC-2 three-phase currents;
(c) MMC-2 active and reactive powers; (d) dc-link
voltage; (€) MMC-2 capacitor voltages; (f) MMC-1
three-phase voltages; (g) MMC-1 three-phase
currents; (h) MMC-1 active and reactive powers; (i)
MMC-1 capacitor voltages.
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both MMC. The SPG fault on the ac-side of the MMC-2
occurs at t = 0.4 s and removes at t = 0.6 s. The simulation
results in two cases are described in Fig. 4 and Fig. 5,
respectively.

From t = 0.2 s to t = 0.4 s, the operation of the MMC-
HVDC system in the steady-state in two cases are almost
the same. However, it is quite different when the system
operates under the SPG fault. Figs. 4(a) and Fig. 5(a)
show the three-phase voltages of the MMC-2. The three-
phase currents of the MMC-2 are presented in Fig. 4(b)
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PR current controllers under the single phase-to-
ground fault: (a) MMC-2 three-phase voltages; (b)
MMC-2 three-phase currents; (¢) MMC-2 active and
reactive powers, (d) dc-link voltage; (e) MMC-2
capacitor voltages; (f) MMC-1 three-phase voltages;
(g) MMC-1 three-phase currents; (h) MMC-1 active
and reactive powers; (i) MMC-1 capacitor voltages.
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and Fig. 5(b). It can be seen that the currents are not
balanced without compensating the negative sequence
component of the currents (Fig. 4(b)). With the PR controller,
it compensates both positive and negative sequence com-
ponents. Therefore, the three-phase currents are balanced as
depicted in Fig. 5(b). In this case, the currents are controlled
up to the rating value to achieve the maximum power.
Because the fault occurs at the ac-side of the MMC-2, the
active power received at the MMC-2 decreases and there is
no oscillation in the power with the PR current controllers
(Fig. 5(c)). Meanwhile, there is a large oscillation in the
power with the PI current controllers (Fig. 4(c)).

By using the proposed control method, the dc-link
voltage is almost controlled at the reference value as shown
in Fig. 5(d). Figs. 4(e) and Fig. 5(e) depict the capacitor
voltages of the upper arm of phase-a in two cases,
respectively. Besides, the three-phase voltages and currents
of the MMC-1 are also shown in Figs. 4(f)-(g) and Figs.
5(f)-(g)- The active and reactive powers of the MMC-1 are
depicted in Fig. 4(h) and Fig. 5(h). Because the active
power received at the MMC-2 decreases, the active power
transferred from the MMC-1 also decreases at the same
time to make a power balancing of the system (Fig. 5(h)).
Finally, Figs. 4(i) and Fig. 5(i) present the capacitor
voltages of the MMC-1.
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Fig. 6. The adjusting ability of the PR current controllers:
(a) MMC-2 three-phase voltages; (b) MMC-2 three-
phase currents; (c) MMC-2 active and reactive
powers; (d) dc-link voltage; (¢) MMC-1 three-phase

currents; (f) MMC-1 active and reactive powers.
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Table 1. Parameters of the MMC-HVDC system

Quantity Value
Active power 200 MW
AC system voltage 154 kV
Nominal frequency 60 Hz
Transformer ratio 154 kV/55.1135 kV
de-link voltage +50 kV
Number of SMs per arm 10
MMC switching frequency 5kHz
Sub-module capacitor 3300 puF

To evaluate a more convincingly the control ability of
the PR current controllers under the unbalanced voltage
conditions, another simulation is set up. In this case, the
command active power is set at 100 MW. The simulation
results are shown in Fig. 6. The SPG fault occurs at 0.4 s
and restores at 0.6 s as shown in Fig. 6(a). During faults,
the PR current controllers control the currents to the
reference value to get the command power or at least to get
the maximum net power as depicted in Figs. 6(b)-(c). As
seen in Fig. 6(c), the active power reaches its command
value during the SPG fault. Fig. 6(d) shows the dc-link
voltage, it has a very small oscillation. The three-phase
currents and the active and reactive powers of the MMC-1
are expressed in Figs. 6(e)-(f).

5. Conclusions

This paper presents an application of the PR controller in
the MMC-HVDC system under the unbalanced voltage
conditions. With the PR controller, the complicated analysis
of the positive and negative sequence components in the
dg-frame is not necessary. The currents are controlled directly
in the af-frame. The simulation results have demonstrated
that the ac currents are kept balanced and the dc-link voltage
is constant under the unbalanced voltage conditions. Besides,
the adjusting ability of the PR current controllers to get the
command power or the maximum power has been also
confirmed.
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