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Abstract—In order to damp the resonance in the
MMC-based Arbitrary Wave shape Generator (AWG)
used for high voltage testing, an active damping control
methodology is proposed in this paper instead of the
passive damping with an arm resistor. It is vital to
ensure the system’s stability when such an active damping
closed loop control is implemented. Consequently, optimal
parameters of a PI controller are designed by analyzing
the stability margins of the involved transfer function
using Bode-Plots. The performance of the designed active
damping control methodology and the PI controller have
been demonstrated with a 50Hz sinusoidal waveform and
arbitrary waveforms such as triangular, trapezoidal, and
complex waveforms in MATLAB-Simulink. These results
proves that the output voltage can track the reference
without any reasonable error and does not contain any
resonant frequency. Additionally, the Total Harmonic
Distortion (THD) of the sinusoidal waveform and other
arbitrary waveforms is less than 1% with the Phase Shift
Carrier (PSC) modulation technique.

I. INTRODUCTION

High Voltage (HV) equipment in the electrical power

system, such as switchgear, cables, and transformers,

are experiencing new electrical stresses due to the rise

of Distribution Generation (DG) systems and large re-

newable energy integration by power electronic con-

verters [1]- [2]. Since existing HV test sources have

many limitations in generating arbitrary wave shapes,

a Modular Multilevel Converter (MMC)-based Arbitrary

Wave Shape Generator (AWG) is proposed in [2]. During

an HV test of the equipment mentioned above, its

equivalent electrical circuit is capacitive, as described

in [2]. The arm inductor and the capacitive load create

an LC resonant circuit, resulting in oscillation in the

output voltage and current of the MMC-based AWG.

It is important to attenuate the oscillations to avoid

any unnecessary voltage stress applied to the test object

and to obtain high-quality voltage waveforms. Typically,

the resonance can be suppressed passively using an

arm resistor or actively with a controll loop [3]. A

common practice in conducting HV tests is to use a

resistor to suppress oscillations [2]. Therefore, first, the

performance of the MMC-based AWG is showcased in

[2] with passive damping technique by means of an

arm resistor. Although passive damping simplifies the

control architecture and provides satisfactory results, it

creates losses in the arm resistor as the DC link voltage

increases. Furthermore, the resistance of the arm limits

the maximum magnitude of the circulating current flow-

ing through the circuit, limiting the voltage balancing

capability of the submodule capacitor of the MMC.

Therefore, this article investigates the active damping

control methodology for the MMC-based AWG.

The active damping techniques have been extensively

researched and developed based on the conventional

three-phase, two-level, and three-level (NPC and T-type)

topologies [4]- [8]. It can generally be categorized into

filter-based [4]- [6] and loop-feedback-based methods

[7]- [8]. The filter-based active damping is realized by

cascading the designed filter, for instance, the notch

filter in the current control loop. Loop-feedback-based
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active damping measures the capacitor voltage or cur-

rent and feedback to the controller output. This paper

proposes the filter-based active damping methodology to

attenuate resonance without adding a large lossy arm

resistor. Active damping control has been implemented

in MMC control to suppress unwanted high-frequency, as

discussed in [9]- [11]. However, all the existing literature

studies it for sinusoidal reference. This paper analyses

and demonstrates it for different arbitrary wave shapes,

such as triangular waveforms, trapezoidal waveforms,

and superimposed waveforms. The filter implementation

plays a critical role in obtaining high-quality voltage

waveforms. Additionally, it is important to study the sta-

bility considering the two different control loops present.

Hence, the main contribution of the paper is as follows:

1) Study the stability of the implemented closed loop

control with active damping.

2) Illustrate the performance of MMC-based AWG

when the active damping methodology is imple-

mented with non-sinusoidal arbitrary wave shapes

3) Compare the performance of the active damping

methodology with different modulation techniques

such as Phase Shift Carrier (PSC) and Nearest

Level Control (NLC).

In this paper, Section II describes the schematics of

the MMC-based AWG and summarizes the specifications

of the MMC-based AWG. Later, the control system is

proposed, and the overall implementation of the active

damping control circuit as well as the discrete-time

equivalent control systems, are discussed in Section III.

Additionally, according to the results of the stability

margin analysis, the Bode plots with variable Kp and

Ki are analyzed in Section IV. The MATLAB-Simulink

simulations of the MMC-based AWG are discussed

in Section V, where multiple arbitrary waveforms are

generated. In the end, Section VI concludes the work

with future recommendations.

II. SCHEMATIC AND SPECIFICATIONS OF THE

MMC-BASED HV AWG

Fig.1(a) shows the schematic of the MMC-based HV

AWG, which has been adapted from the original MMC

topology for the application of power transmission [2]. It

has a single phase of an MMC, a split DC source, the AC

filter comprising the arm inductance, arm resistor, and

a capacitive load representing the equivalent electrical

model of the HV equipment. Here, the split DC source

is realized using the two DC link capacitors in series.

The complex MMC circuit can be decoupled into two

circuits as shown in Fig.1(b) and Fig. 1(c). The first

circuit is the output current circuit where the inner emf

(vs) is filtered by the low pass filter (La, Ra and Cload)

and accurate voltage waveforms are generated across the

load capacitor. From this circuit, the expected resonance

frequency can be calculated from ωc =
√

2/(LaCload).
Additionally, the output current circuit determines the

plant transfer function to be used to study the stability

criteria of the implemented control Methodology and it is

discussed in detail in the upcoming sections. The second

circuit is the circulating current circuit which determines

the dynamics involved in balancing submodule capacitor

voltages. Also, it clearly shows the influence of the

arm resistor directly on the magnitude of the circulating

current.

V
dc

V
dc

T1

D1

T2

C
s

D2

T1

D1

T2

C
s

D2

T1
D1

T2

C
s

D2

T1
D1

T2

C
s

D2

La Ra

La Ra

Cload

N

N

+

-

vu

+

-

vl

is

+

va

iu

il

ic

ic

2La 2Ra

Cs/N

2Vdc

La/2 

Cload

Ra/2 

-

is

va
+

-

vs

-

+

+

-

2vc

(a)

(b)

(c)

Fig. 1: Schematic of MMC-based HV AWG [2]

Among a wide variety of modulation techniques

available for the MMC, one can clarify them into two

categories defined by the operating switching frequency

of the submodules: high-frequency and low-frequency

modulations. The high-frequency modulation techniques

are classified into Carrier-based or Space vector mod-

ulation techniques. Moreover, carrier-based modulation

can be divided into Phase-Shifted Carrier (PSC) [12]

and Level-Shifted Carrier (LSC) [13]. PSC is chosen

over LSC or space vector modulation due to its inherent

nature in balancing submodule capacitor voltages [14].

Low-frequency modulation can be divided into Selective

Harmonic Elimination (SHE), Nearest Level Control

(NLC), and Nearest Vector Control (NVC) [15]. Here,

the NLC is chosen considering that the SHE becomes

complicated if there are too many SMs and pulses to

optimize in an HVDC system, while the NVC has a

limited range of open-loop operations [16]- [17].
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The MMC-based HV AWG is designed to generate

a maximum output voltage of 100 kV for targeting

Medium Voltage class equipment which ranges from

1 kV to 36 kV [2]. Note that the 36 kV need to be tested

for a voltage higher than its rated voltage, such as 80 kV
to 100 kV considering the switching transients that occur

in the electric power network. Additionally, as explained

above, these MV equipment behaves as a capacitance

with a range of 50 pF and 10 nF to include all different

types of HV components, such as switchgear, cables, and

transformers [2]. In this article as the feasibility study of

the proposed algorithm, the performance of the proposed

active damping methodology is presented in a down-

scaled MMC simulation, where the peak output voltage

is scaled to 150V from 100 kV and the capacitive load

to 6.8 μF from 10 nF to keep the arm current flowing the

same. Here, the number of submodules per arm is taken

as 12. Additionally, the arm inductor is designed to be

1.32mH, and the value of the arm resistor is taken to be

very small, as 10Ω. All these system specifications are

summarized in Tab.I.

Tab. I. System Parameters of the MMC Setup

Description Symbol Values

DC-link voltage 2Vdc 300 V

Modulation index mreq 0.8

Number of submodules N 12

Switching frequency Fs 3770 Hz

Frequency of input waveform freq 50 Hz

Arm resistance Ra 10 Ω
Arm inductance La 1.32 mH
Load capacitance Cload 6.8 μF

III. CONTROL SYSTEM DESIGN

A. Control system

Fig.2 shows the proposed closed-loop control config-

uration for the MMC-based AWG. The voltage feedback

ensures the minimal steady-state error. The band pass fil-

ter measures the output current waveform to identify the

resonance frequency in the MMC circuit. Considering

the two control loops present in the proposed control

configuration, it is important to study the stability of

the proposed control system, as it will be shown in the

upcoming sections.

PID PSC 
modulation

Band pass filter

+       -
      + +       - MMC Load

MMC output current feedback

Capacitive load output voltage feedback

Fig. 2: Closed loop system of the MMC-based AWG

B. Design of control loop in continuous-time domain

The detailed block diagram of the control system

in the continuous-time domain is shown in Fig.3. To

study the stability of the closed-loop control, the transfer

functions of each block are needed, such as the con-

troller (Gk(s)), the plant (Gp(s)), the band pass filter

(Gb(s)), and the load (Gload(s)) and they are derived

in the following sections. Additionally, there are several

system delays to consider in studying the stability of the

control system. First, the computational delay represents

the amount of time between the sampling instant and

the duty cycle updating instant [18]. Second, the PCIe

(Peripheral Component Interconnect Express) delay in

the forward and feedback paths is present due to the

architecture of the real-time simulator, where Ts is the

simulation step of the real-time simulator.

PWM(s)

Gload(s)

+       -
      + +       - Gp(s) e-sTsGk(s) e-sTs

Gb(s)e-sTs

e-sTs

Fig. 3: Block diagram of the control system of the MMC-

based AWG as a continuous equivalent

1) PI controller (Gk(s)): The Proportional-Integral

(PI) controller is one of the most widely used controllers

in all converter topologies due to its simplicity and

effective performance. An ideal representation of the PI

controller is defined as shown in (1).

Gk(s) = Kp(1 +Ki
1

s
) (1)

Here, Kp corresponds to the proportional gain, and

Ki represents the integral gain. Additionally, the con-

troller computation delay must be included since it

impacts the stability of the closed-loop system. The

combined transfer is shown in (2).

G
′
k(s) = Kpe

−sTs(1 +Ki
1

s
) (2)
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2) Plant (Gp(s)): The output current circuit shown

in Fig.1(b) dictates the dynamics of the MMC. Hence,

the plant transfer function is derived from it in the

following equations, where Va(s) and Vs(s) are variables

representing the output voltage and the switching voltage

in the Laplace domain.

Vs(s) = s
La

2
I(s) +

Ra

2
I(s) +

1

s

I(s)

Cload
(3)

Va(s) =
1

s

I(s)

Cload
(4)

Gp(s) =
Va(s)

Vs(s)
=

2

s2LaCload + sRaCload + 2
(5)

The transfer function representing the PWM process

is shown in (6) [19]. An equivalent transfer function

could be represented by a sampler with a gain of 1/Ts,
followed by a zero order hold (ZOH) that compares the

sampled input data with the carrier wave input data.

mPWM represents the ratio of the modulation amplitude

to the carrier amplitude. Furthermore, (7) shows the

combined transfer function for the plant in the forward

path.

GPWM (s) =
mPWMGzoh(s)

Ts
=

mPWM (1− e−sTs)

sTs
(6)

G
′
p(s) = Gp(s)GPWM (s)e−sTs (7)

3) Band pass filter (Gb(s)): As mentioned in the

introduction, a filter-based active damping controller is

proposed to suppress the resonance present in the MMC-

based AWG. To do so, it is important to identify the

resonant frequency in the output characteristics of the

MMC-based HV AWG, and the band pass filter is

selected by choosing particular band frequencies around

the resonance (ωc) [11]. The filter operates between

frequencies ω1 and ω2, and its transfer function is

derived based on a typical RLC band pass filter. The

physical implementation of such a series band pass filter

is shown in Fig.4 [21], and its transfer function is derived

from (8). Depending on the resonant frequency, the band

pass filter can be altered by changing the values of ω1
and ω2 .

Gb(s) =
R

1
sC + sL+R

=
s(ω2 − ω1)

s2 + s(ω2 − ω1) + ω1ω2

(8)

Fig. 4: Series band pass filter

where ω1 = − 1
2RC +

√
1

2R2C2 + 1
LC and ω2 =

1
2RC +√

1
2R2C2 + 1

LC .

In this control system, the resonance is measured

from the output current. Therefore, the output current

is obtained from the output voltage considering the

capacitive load. On the basis of this relationship, the

transfer of the band-pass filter is altered, including the

PCIe delay, as shown in (10).

Gload(s) =
Ia(s)

Va(s)
= sC (9)

G
′
b(s) =

Gb(s)

sC
Gload(s)e

−sTs (10)

C. Discretization of the closed-control loop

As the real-time simulator works with a fixed time

step, studying the stability of the control implemented in

the continuous domain may not provide an exact answer

to the question. It is necessary to discretize the transfer

functions from (2), (7), and (10).

The discretization of the PI controller in (2) is shown

in (11) by placing 1/s = z/(z− 1) for the integral gain

and e−sTs = 1/z.

G
′
k(z) = Z

{
G

′
k(s)

}
=

kp
z
(1 + ki

z

z − 1
) (11)

For plant discretization, the modulation index in the

PWM transfer function is assumed to be 1 to simplify the

process (mPWM = 1). It should be noted that Gpwm(s)
need to be multiplied by Ts to compensate the 1/Ts in

(6). Combining the plant transfer function and converting

it into the z domain results in a discrete plant transfer

function, as shown in (12).

Implementation of Active Damping Control Methodology on Modular Multilevel
Converter(MMC)-Based Arbitrary Wave Shape Generator Used for High Voltage
Testing

ZHOU Xiaochuan

EPE'23 ECCE Europe EPE'23 ECCE Europe ISBN: 978-9-0758-1541-2 – IEEE: CFP23850-ART P.4
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)Authorized licensed use limited to: TU Delft Library. Downloaded on October 26,2023 at 09:18:30 UTC from IEEE Xplore.  Restrictions apply. 



G
′
p(z) = Z

{
G

′
p(s)

}
= Z

{
Gpwm(s)TsGp(s)e

−sTs
}

= Z

{
1− e−sTs

sTs
TsGp(s)e

−sTs

}

=
z(−(1 +B)e−Y Ts − (1 + C)e−XTs −B − C)

(z − e−XTs)(z − e−Y Ts)

+
(e−XTs−Y Ts +Be−Y Ts + Ce−XTs)

(z − e−XTs)(z − e−Y Ts)

B =
Y

X − Y
;C =

X

Y −X

X =
RaCload +

√
R2

aC
2
load − 8LaCload

2LaCload

Y =
RaCload −

√
R2

aC
2
load − 8LaCload

2LaCload
(12)

Similarly, the band-pass filter is converted from the

Laplace domain to the Z domain.

Gb
′(z) = Z

{
G

′
b(s)

}

=
N2(e2M−N − e−N )

M(ze2M−N) − z2eM − eM−2N + ze−N )

+
N(e2M−N − 2zeM + e−N )

(ze2M−N) − z2eM − eM−2N + ze−N )

M =

√
ω2
1 − 6ω1ω2 + ω2

2

2
;N =

ω2 − ω1

2
(13)

Therefore, the whole discretization system can be

simplified and represented as shown in the block diagram

in Fig.5.

Gk’(z) Gp’(z)

Gb’(z)

Z-1

+       -
      + +       -

Fig. 5: Simplified discretization system

IV. DISCUSSION OF THE STABILITY ANALYSIS

To ensure the safe operation of the hardware, it is

essential to analyze the stability of the system. The

stability criteria is studied with the gain margin and

phase margin of an open-loop transfer function, and it

is derived in (14). In addition, the closed-loop transfer

function of the system is derived in (15).

G
′
pFB(z) =

G
′
p(z)

G′
p(z)G

′
b(z) + 1

Gol(z) = (1 +G
′
k(z))G

′
pFB(z)

(14)

Gcl(z) = (1 +G
′
k(z))

G
′
pFB(z)

G
′
pFB(z)G

′
k(z)z

−1 + 1
(15)

As discussed in Section II, the load capacitance and

the arm inductance are chosen to be 6.8 μF and 1.32mH,

respectively. Thus, the expected resonant frequency is:

ωc =
1√

La

2 Cload

= 14 927 rad s−1 = 2375Hz (16)

Hence, the band pass filter is designed based on (10),

where ω1 = 14 327 rad s−1 and ω2 = 15 527 rad s−1 are

chosen to ensure that the bandwidth is wide enough. For

a PI controller, the transient response of the regulation

system is mostly determined by the proportional term,

while the integral term impacts the steady-state response.

Therefore, the two can be analyzed separately. Bode

plots based on open-loop system transfer functions are

shown in Fig.6 to Fig.7.

Fig.6 to Fig.7 illustrates some common observations.

On the one hand, when Kp increases, the magnitude of

the PI controller increases. On the other hand, a lower

Kp keeps the system stable, but might provide a poor

transient response to the system. The influence of Ki

values on the stability is significantly less compared to

Kp. Hence, the bode plot of much higher values of Ki

are plotted in Fig. 7. Additionally, sample time affects

delays in the discrete-time domain. After analyzing the

influence of Kp and Ki, the PI controller is built with Kp

= 0.001 and Ki = 0.01, since it offers a safe gain margin

of 10.9 dB and a phase margin of 27.8 deg. The pzmap

of the closed-loop system is drawn in Fig.8. According

to the Jury stability criterion [20], the closed-loop system

is stable.

V. SIMULATION RESULTS

The discussed analysis of the proposed active

damping control methodology is demonstrated using

MATLAB-Simulink simulations of MMC-based AWG
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with 12 submodules per arm. As discussed earlier, the

performance of two chosen modulation methods, PSC

and NLC, is first compared in Fig.9. This figure shows

that the PSC offers more accurate tracking of the refer-

ence voltage in the time domain and generates fewer base

band harmonics in the frequency domain. It is observed

that there is a significant difference in the quality of

the waveforms obtained. Although PSC modulation can

accurately track the reference voltage, NLC modulation
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results in distortion, leading to a gap between the output

voltage and the reference. This inaccuracy with NLC is

due to the switching frequency being lower than that of

PSC. This makes it difficult for the controller to correct

the error. Therefore, the PSC modulation is chosen to

generate the rest of the arbitrary voltage waveforms.
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Fig. 9: Comparison between NLC and PSC with active

damping control (a): Time domain (b) Frequency domain

Fig.10 illustrates the output results with active damp-

ing in both the time and frequency domains. As can be

seen from Fig.10a, the output voltage significantly tracks

the reference signals when active damping is applied,

whereas without active damping, the output voltage

has distortion, demonstrating that the proposed active

damping method is effective. Additionally, the frequency

domain analysis is conducted on the output voltage

waveforms and reference waveforms, which shows that

the generated output voltage waveforms match well with

the reference waveform. Fig.10j illustrates that the sixth

harmonic is a higher frequency spectrum since the com-

plex waveform is compensated for by 10Hz sinusoidal

and 50Hz trapezoidal waveforms.

Furthermore, the quality of the obtained waveforms

is analyzed with the Total Harmonic Distortion (THD),

and its definition is adapted for the non-sinusoidal volt-

age waveforms, as shown in (17) [2]. The obtained THD

of the waveforms is less than 1 % summarized in Tab.II.

THDnonsin =

√∑∞
h=0(Vh,ref − Vh,out)2

V1,out
(17)
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Tab. II. THD of MMC-Based AWG with PSC for Peri-

odic Waveforms

Waveforms THD(%)

Sinusoidal 0.02

triangular 0.194

Asymmetric triangular 0.645

Trapezoidal 0.264

Complex 0.500
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Fig. 10: Periodic waveforms generated from the MMC-

based AWG (a) 50Hz Sinusoidal time domain; (b)

50Hz Triangular time domain; (c) 50Hz Asymmetrical

Triangular time domain; (d) 50Hz Trapezoidal time

domain; (e) Complex Waveform time domain; (f) Sinu-

soidal frequency domain; (g) Triangular frequency do-

main; (h) Asymmetrical Triangular frequency domain; (i)

Trapezoidal frequency domain; (j) Complex Waveform

frequency domain;

VI. CONCLUSION

This paper proposes and implements an active damp-

ing methodology for MMC-based AWG to suppress

the oscillations in the converter. A bandpass filter is

designed to measure the resonance generated between

arm inductance and capacitive load. Additionally, the

stability analysis is performed for the control system in

the discrete domain, and the PI controller is tuned for the

given desired MMC-based AWG parameter. The perfor-

mance of the implemented active damping methodology

is shown with the MATLAB-Simulink MMC model

with 12 submodules per arm. The simulation results

suggest that the PSC modulation technique generates

more accurate waveforms with high switching frequency.

Therefore, various waveforms such as triangular, trape-

zoidal, and a combination of trapezoidal and sinusoidal

waveforms are generated from the MMC-based AWG

with THD less than 1 %.
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