Journal of Power Technologies 104 (1) (2024) 86 -- 97

\

DC current oscillations reduction in MMC-HVDC system

Kamran Hafeez! ™, Alex Van den Bossche?

1Department of Electrical and Computer Engineering, COMSATS University Park Road, Islamabad, Pakistan
2Department of Electrical Engineering, Metals, Mechanical constructions and systems, Ghent University 131, B9052,

Gent Belgium
& yoltagehigh@hotmail.com

Abstract

Modular multilevel converter (MMC) is a type of voltage source converter (VSC) that offers several advantages, permitting suitable
technology in high voltage direct current (HVDC) transmission systems. In the conventional non-energy-based control method, current does
not manage capacitor energies inside MMC modules and produces DC current oscillations. Whereas in energy-based control methods,
oscillations in DC current are reduced as differential currents are controlled. In this paper a proportional resonant (PR) controller is designed
to reduce oscillations in a DC-link of an HVDC system using non-energy-based control method. It reduces oscillations by injecting even order
harmonics in MMC. The proposed method is tested on a symmetrical monopole point-to-point MMC-HVDC system using PSCAD simulation
software. Furthermore, the proposed method is also compared with a conventional repetitive current (RC) controller using bode plots.

Analytical and simulation results validate the proposed method.

Introduction

Voltage source converters (VSCs) utilize insulated gate
bipolar transistors (IGBTs), whereas line commutated
converters (LCCs) are based on silicon-controlled
rectifiers (SCRs) as a switching device to control power.
VSCis considered a better technology compared to LCC
due to independent control of active and reactive
power and reduced filtration requirements [1-2]. MMC
is a type of VSC, suitable for high voltage direct-current
(HVDC) based transmission systems. It offers the
following key advantages; a) reduction in converters
switching losses, b) scalable output voltage due to
series connection of sub-modules (SMs) [3]. The

dynamics of MMC include SM capacitor voltage
fluctuations and circulating current that is generated
among the phase units of a 3-phase MMC [4]. The
MMC arm voltages can be generated using a direct
modulation method [5], a closed loop [6], or open loop
modulation method [7]. In direct modulation simple
PWM is used to control converter output voltage and
current. Circulating current is generated in direct
modulation approach, as cyclic variations in capacitor
voltages are not accounted. Conventionally CCSC is
used to eliminate circulating current by converting this
current into negative sequence double frequency
rotating d-q reference frame more suitable for Pl
controllers referring as a non-energy-based approach.
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However, this method results in oscillations in DC link
currents [8-9]. In energy-based approach or
compensated modulation, arms controllers are
needed to make the system asymptotically stable [10].
Due to arm currents and circulating current
interactions, traditional methods of linear stability
analysis; linearization, Eigen value analysis and state
space modeling cannot be applied directly to MMC
[11]. In open loop compensated modulation arm
voltages are estimated by measuring output current
and DC link voltage without needing additional control
loops for its stability [12]. However, stability is highly
dependent on accurate information of circuit
parameters. Analysis of MMC in non-energy- based
control is also discussed using direct modulation but
analytical equations are difficult to solve due to time
varying model of MMC [13]. A repetitive current (RC)
controller is developed for the stable operation of
MMC without considering the relationship between
state variables as energy functions [14]. Energy
controllers are developed to manage capacitor
energies by controlling differential currents, involving
several control loops [15]. Different methods are also
proposed in literature to control differential currents
without removing oscillations from DC side currents
[16-18].  Multiple  proportional-resonant  (PR)
controllers and plug-in- repetitive controllers are used
to eliminate even order harmonics from the
differential currents to manage capacitor energies [19-
20]. Due to cascaded loops and multiple- controllers
involved, these methods are difficult to implement.
The relationship between energy stored in MMC and
DC voltage is reported in [21]. In energy-based control,
several control loops are needed to stabilize a system,
whereas in non-energy-based control method the
system is balanced but oscillations are reported in DC
currents in HVDC system [22]. Therefore, in this paper
a PR controller is designed to reduce DC current
oscillations in HVDC system using conventional non —
energy-based control approach.

To the best of author's knowledge, the key
contribution of this paper can be described as:

1) In non-energy-based control, output dc currents
remain uncontrolled, and second harmonic

component of the iy ¢, differential current is removed
using a CCSC.

2) DC-side currents are not directly controlled in non-
energy-based MMCs method that results in over-
currents or oscillations.

3) In a conventional non-energy-based control 2" and
4t harmonics are injected to reduce oscillations in the
DC link currents.

4) Unlike [19], a simple PR controller is designed to
track arm currents with the addition of even order
harmonics in it.

5) Unlike [20], a Pl controller is proposed for the
output current control

and a simple PR controller is designed to control
lqifs instead of conventional plug-in-RC controller.

6) The proposed control system is compared with a
conventional non—energy control using CCSC to verify
it.

MMC-HVDC Modeling

3-Phase MMC Configuration

The 3-phase circuit diagram of MMC consists of
identical sub-modules (SMs) connected in series as
shown in Figure 1. The SMs are used to build a half-
bridge circuit topology for an MMC. Each SM is made
of a capacitor and two insulated-gate bipolar
transistors (IGBTs) working as switches T; and T,
connected in series. The cell output voltage ( V) is
equal to the capacitor voltage (T; on state) or zeros (T;
off state) and is regulated by the controller. The SMs
switching states are controlled so that at any instant N
SMs out of 2N SMs are on (N, in the upper arm and
Niow = N — Ny, in the lower arm) in each phase. Each
arm of 3-phase MMC has N series connected SMs
linked to an inductor L, used to limit fault currents
[23].
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Figure 1: 3-Phase MMC

The upper and lower currents in each arm of 3-phase
MMC are equal to half of the phase current i; one third
of DC current iz and the circulating current i, .
Where i;,, and i;; are the arm currents and i.;, is the
loop current.

: i1 lge .
liy = E+?C+ leir (1)
i i
==+ 5+ o (2)

The differential current iy from Equation (2)
consists of two current components:

iy 4
idiff — 1u; 11 (3)
Vae Vipa + Vi
Vaiss = Tc_w (4)
Va diy .
%:f—i{q—Ll%—Rlll (5)

Since i; =iy, — iy;, State space model of MMC is
given as; X = [iy igirs i1y Vipa Viewal” and system
inputsU = [Vf V;iff]T, the outputs are selected as
Y = [iy igirr]".The MMC output voltage V, in phase a
using Fig.1 can be described as:

N
Vo= Sl

n=1

(6)

Where 1 is the SM capacitor voltage and S, is given
as:

1, if n cell is inserted

—lo, if nth cell is bypassed]

Switching signal (s) corresponds to the MMC arm
voltages based on insertion index. It has two types a)
uncompensated b) compensated modulation as given
in equation (7) and (8).

e'q — V*diff
n, =——— 7
" Vdc ( )
e, — V*diff
n=————— 8
l Vgupa ( )

Where n,, and n; represents upper arm and lower arm
insertion indices. In direct modulation method or non-
energy-based control, arm capacitor oscillations are
not accounted for and CCSC controller is required
since Vy;fr is voltage remains uncontrolled. Whereas
in compensated modulation arm capacitor voltages
are measured or estimated. It includes additional
control loops for stability [24]. Therefore, in this paper
direct modulation method is implemented.

MMC-HVDC System

A two terminal symmetrical monopole MMC-HVDC
system is shown in Figure 2(a). Each MMC working as a
controllable DC voltage source is linked to an AC
system using a 3-phase transformer (Ty) , (T,). A
master-slave method is used, in which MMC-1
(rectifier) controls the DC voltage and MMC-2
(Inverter) controls the active power. The reactive
power can be regulated independently at each side of
AC system. Grid connected MMC at each terminal is
shown in Figure 2(b) and 2 (c).

The proposed control system shown in Figure 2(b) is
compared with plug- in RC controller as given in [20] is
shown in Figure 2(c). The outer power controller
calculates current references for the inner current
control system. It is implemented in a d — q rotating
reference frame by connecting each MMC to a grid
represented by a 3- phase voltage source. Park's and
Clarke's transformation are used to convert I,
currents into Iy and I, axis current components
described as:
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The inner controller generates reference voltage

— Vupa_Vlowa
2

wt is the voltage phase angle to be extracted by the

Phase Locked Loop (PLL) at the point of common
coupling (PCC) i.e. 8. The control of active (P) and
reactive power (Q) based on current references I; and
I, can be expressed as [25]:

e, to control output current i; .Where

3
P=_Vyig+ Vi, (10)

2

3
Q=—>Vaig+Vyia (11)
Where V; and V; shows the voltage values at the PCC
in d-q axis, respectively. Since PLL is synchronized to
grid voltage, the g-axis component of voltage becomes
zero. The Iz and I, can be regulated by changing its
reference values.
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Figure 2: MMC-HVDC system a) Two terminal MMC b) Grid
connected MMC proposed c) Grid connected MMC
conventional, plug-in —RC controller

Current Control System Design

The control loops for both the systems as shown in
Figure 2 are in simplified form given in Figure 3. The
reference output current i is calculated using active
and reactive power commands based on vector
current control strategy in this paper using equations
(10-11). Unlike [20] PI controller is used for the output
current control instead of PR controller as shown in
Figure 3(a). The inner current control is similar for both
the proposed and conventional systems. The i:u-ff
current reference is calculated by sub-module
capacitor voltage control in a conventional system.
Then iy current is regulated by a repetitive
controller (RC) cascaded with a PI to eliminate multiple
harmonics as proposed in [20] is shown in Figure 3(b).
However, in the proposed system a simple nonideal-PR
controller is designed to regulate arm currents
references i, and ij; with addition of harmonics in it

to reduce ig;rr as shown in Figure 3(c).

i k +k/ 1 kPWM it
SN
! V| R+sL 1+s% C
s
|
1+sT.
(a)
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Figure 3: Simplified control loops a) output current control b)
differential plug-in-RC
controller) (c) proposed control system

current  control conventional

The plant transfer function is given in s domain in
equation (12) and its discrete form using bilinear
transformation (Tustin) method is given in equation
(13):

G(s) = (12)

R+ sL

T.(1+ 271
RT,+L+ (RT,—L)Z1!

G(s) = (13)
Where T is sampling interval and z is the frequency
domain operator.

The open loop transfer functions of all the three loops
in s domain; a) output current control b) differential
current control plug-in-RC controller; c) Proposed
control shown in Figure (3) can be described as:

kN Kpwm 1 1
Ger = (k +—‘). P . .
th L 1_1_5% 1+ sT; R +sL (14)
AR AN ki 1 1
Gerz = ( 1-Q(s)S~N ) (kp + s) "1+sT," R+sL (15)

2k, w.s > 1 1 (16)

Gz = ky + . .
o3 <p 524+ 2w2 + w?) 1+ sTg R+ sL

Where kyym is the gain of PWM which is equal to the
ratio of DC voltage and line-to-line AC voltage of the
converter. Normally PWM is selected as one half of the
sampling time. The Q, is the gain of RC controller and
S(s)represents a low pass filter and Q(s) is a filter
constant [26].

Using parameters in Table -Il, following transfer
functions are derived from equations (14-16):

i 1.19
Gopr = (k —‘). 17
tr1 »+ ) 000000001557 + 0.8 17)
_ (57Ng,z*s(s) k; 1
Gerz = ( 1-Q(s)s™N )'(kp + ?)'0.000015652+0.799 (18)
_ 2k, wcs 1
Gz = (kp + 52+2w§+w$) *0.000015652+0.799 (19)

Three control systems a) Pl controller b) RC controller
c) PR controller transfer functions in discrete forms
using bi-linear transformation can be given as:

1
thl(Z) = kp + kiTsm (20)
—-N N kS
thz(z) = 721 _%(ZZ)Z(_Z,\), (21)
G =k, +
tr3(2) 22 (22)

2k, Tsw, 22+(TE.w% —2+2w,Ts) z+1-2w Ts
The expression for S(z) in equation (21) can be
defined as:

W

S(s) =
() 5?2 + 28w, s + w?

(23)

Were w,, is angular corner frequency and ¢ is damping
ratio. The corner frequency is selected f,, = 96 Hzand
& =0.707 .The equation (23) is discretized with
switching frequency f; = 960 Hz given as:

0.06397z% + 0.1279z + 0.06397

(24)
22 — 1.168z + 0.4242

Since z¥ is a phase delay, N is the number of samples

in one fundamental cycle. Plug-in-RC controller is
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designed to eliminate 2" harmonic in a differential
current by considering; fo = N = 9 samples.Where
fs is the sampling frequency and f represents the
fundamental frequency. The controller parameters are

given in Table 1.

Table 1 Controller parameters

Symbol Description Values
K, PR controller gain 1
kr PR controIIe:r 10

resonant gain
o, PR controller cut-off 12 rad/s
frequency
Q. RC controller gain 2
k phase delay RC 6
controller
Damping ratio RC
Qz controller 0.707
Filter constant RC
Qs controller 0.96
Proportional gain PI-
K 1.7
P plug in RC 3
K, Integral gain Pl-plug 133.47

in RC

The frequency plot of output current control loop, Gfq
is shown in Figure 4. Phase- margin and gain- margin is
around 562 and 5 dB based on Pl values k,=7.024 and
k;=0.158. The closed loop system is stable [27].

Bode Diagram
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Figure 4: Bode plot output current control loop

The bode plots of
controller and proposed control system, G.s, and G5
shown in Figure 5 (a) and 5(b).

lgirf current loop plug-in- RC
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Figure 5: Bode plots a) Proposed control system b) Plug-in- RC
controller

The PR compensator is designed at resonant frequency
w, = 628 rad/s (100Hz) and w, = 1884 rad/s
(200Hz) to track sinusoidal arm currents as evident
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from the bode plots. The Phase-margin is around 53¢,
which shows the closed loop system is stable.

The plug-in-RC controller is designed to eliminate 2"
harmonic (100Hz) from the differential current as
shown in Figure 5(b). The phase margin is around 519,
that shows the closed loop system is stable. However,
as reported in [28], the harmonic tracking ability of
conventional plug-in-RC controller reduces, if f,cqrx OF
corner frequency > 2" order frequency, thus making
its design complex. Therefore, this method is not
further implemented. The tracking performance of
proposed controlled is given in Figure (6). The step
response to plant is shown in Figure 6(a). The plant
output is required to track reference signal. The
tracking output of proposed PR controller follows the
reference signal with no overshoot and oscillations
with almost zero tracking error as shown in Figure 6(b).

Step Response

Amplitude
-

] 0.01 0.02 0.03 0.04 0.05 0.08 0.07
Time (seconds)

(a)

06 A

| | | | 1 | |
4.2
0 001 002 003 004 0.05 006 oo 0.08 008 [A]

Time{Seconds)

(b)

Figure 6: a) Step response b) Tracking output of reference
signal

The direct modulation method using two voltage
references generated by d — q control system can be
expressed as [29]:

Vac

Vipares = =5 [1 —mcos(wot)] — eqa = Vairp  (25)

Vac
Vlowaref = Td [1+ mcos(wot)] — eq — Vdiff

(26)

The term m shows the modulation index (amplitude)
and w, is angular frequency. The circulating
current ig;cr is not controlled in direct modulation
approach in this paper.

igifr is reduced by adding 2" and 4™ harmonics in each
arm currents of an MMC [30]. The analytical results of
lgirr using equation (3) for the conventional and
proposed methods are given in Figure 7.

05 T
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Figure 7: i_diff current a) conventional method b) proposed
method

SIMULATION RESULTS

The proposed and conventional model is tested on
MMC-HVDC system model shown in Figure 3 using
PSCAD software. Thevenin equivalent model reported
in [31] is implemented to develop a symmetrical point-
to-point MMC-HVDC system in this paper. To balance
SMs capacitor voltages, phase shifted PWM and
sorting algorithms are used [32].The capacitor voltage
balancing is achieved by using nearest level
modulation method (NLM,) as discussed in [33].The
active and reactive power at two terminals are
controlled at their reference values P=960MW and
Q=40 MVAr as shown in Figure 8(a) and Figure 8(b). DC
bus voltage is controlled around its reference value of
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640 kV. The MMC grid side 3-phase line to line output
voltage is shown in Figure 8(c). The parameters of
MMC- HVDC system are given in Table 2.
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Figure 8: Results of (a) P1, P2 at T1 and T2; (b) Q1, Q2 at T1
and T2 (c) AC side converter voltage

The conventional non-energy-based control using
CCSC method with DC side current oscillations are
shown in Fig 9(a). Since DC-side currents are not
directly controlled in MMCs that results in over-

currents or oscillations [34-35]. The suppression of
circulating currents does not eliminate capacitor
voltage fluctuations completely in MMC [36]. Whereas
in proposed control method DC side current
oscillations are shown in Fig.9 (b). Since iy;ff current is
eliminated using a conventional method. In the
proposed method iy;ff is not eliminated but it reduces
the oscillations in the DC side currents by injecting 2"
and 4™ harmonics in the arm currents.
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Figure 9: Results of (a) DC side current conventional (b) DC
side current proposed

The conventional non-energy-based control, upper
arm currents in MMC is shown in Figure 10(a) whereas
in proposed control, upper arm currents is shown in
Figure 10(b). The MMC arm current is injected with 2"
and 4" harmonics.

93| 97



Journal of Power Technologies 104 (1) (2024) 94 -- 229

— Output Current

= Output Current
15 — Upper am curtent 1.5 00
—— Upper arm current 1
1.04 | —~ 1.0 3
051 / g 05 u i
< oo i < oo o
é 051 E 05 o
3 189 190 191 192 3
(5} 104 Time (5 o 1.0
-1.5 -1.5
-2.0 T T T T -2.0 T T T T
1.80 1.84 1.88 1.92 1.96 2.00 1.80 1.84 1.88 1.92 1.96 2.00
Time (s) Time (s)
(a) (b)
— Upper arm current T Upperam urent Figure 11: Results of (a) Output currents conventional (b)
18 * Output currents proposed
- 1>
10 S
05 g The rms harmonic magnitude of output current from
T w0 Figure 11 (b) is shown in Figure 12. The output currents
§ s R have the highest rms value of the fundamental
3
) frequency.
15 . .
Harmonic Magnitudz -
-2-"1 .80 1.'84 1.;38 1.'92 1.'96 2.00 1'0 '
Time (s)
(b) u -—
; . ; ki (1] 0693853
Figure 10: Results of (a) upper arm currents conventional (b)

upper arm currents proposed Figure 12: Results of (a) harmonic magnitude

The conventional d —q based output currents are The MMC HVDC system parameters are given in Table
shown in Figure 11(a). Whereas in proposed output 2 below:

currents is shown in Figure 11(b).
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Table 2 HVDC system parameters

Parameter Value
Apparent power (S) 1000MVA
Active power (P) 960MW
Converter side AC voltage 380kV
DC side voltage +320 kV
DC side current 1.5kA
Transformer connection Y/A
Cell capacitor 2800 pF
Arm inductance 76 mH
Transformer inductance 15 mH
Arm resistance 0.80Q
DC Line (two conductors) 15 km
Ac side Power Factor (Cos®, ) 0.96
Angular frequency (w) 314 rad/s
Sampling frequency 960 Hz
Sampling interval (Ts) 0.00104 s

CONCLUSION

A conventional non-energy-based control with 2" and
4™ harmonics in the arm currents is proposed in this
paper. It helped to reduce the DC current oscillations
without using a differential current control method in
MMC-HVDC system. A simple PR control system is
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