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Abstract—An equivalent source-load MTDC system including
DC voltage control units, power control units and interconnected
DC lines is considered in this paper, which can be regarded
as a generic structure of low-voltage DC microgrids, medium-
voltage DC distribution systems or HVDC transmission systems
with a common DC bus. A reduced-order model is proposed
with a circuit structure of a resistor, inductor and capacitor in
parallel for dynamic stability analysis of the system in DC voltage
control timescale. The relationship between control parameters
and physical parameters of the equivalent circuit can be found,
which provides an intuitive insight into the physical meaning
of control parameters. Employing this model, a second-order
characteristic equation is further derived to investigate system dy-
namic stability mechanisms in an analytical approach. As a result,
the system oscillation frequency and damping are characterized
in a straight forward manner, and the role of electrical and
control parameters and different system-level control strategies
in system dynamic stability in DC voltage control timescale is
defined. The effectiveness of the proposed reduced-order model
and the correctness of the theoretical analysis are verified by
simulation based on PSCAD/EMTDC and an experiment based
on a hardware low-voltage MTDC system platform.

Index Terms—DC voltage control timescale, dynamic stability,
equivalent source-load MTDC system, reduced-order model,
second-order characteristic equation.

I. INTRODUCTION

W ITH integration of a large-scale renewable distributed

generators (DGs) and DC sources and loads, a flexible

DC interconnection based multi-terminal (MTDC) system as

an effective implementation form of a low-voltage DC mi-

crogrid (MG), medium-voltage DC distribution system and

HVDC transmission system, has developed rapidly in the past

decade [1]–[3]. It can integrate with distributed resources,

energy storage devices and loads effectively, and realize
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flexible interlinking of AC and DC systems, and multi-area

coordinated control by interlinking converters (ICs) [4], [5].

MTDC systems can operate in master-slave control [6], [7]

and droop control [8], [9]. While no matter which system-level

control strategy is used, maintaining good system dynamic

stability is the basic premise for the safety and reliability

of system operation. Essentially, MTDC systems in practical

application scenarios can be regarded as equivalent source-

load MTDC systems including DC voltage control units,

power control units and interconnected DC lines. DC voltage

control units are used to control DC voltage stability and

maintain power balance as “Source”. “Load” refers to generic

constant power load (CPL) units, which can be DGs or

power electronics-based interfaces under power control and

DC loads, and the direction of power flow can be positive

or negative. Due to complex structure, interaction dynamic

of multi-controllers and multi-timescale coupling, how to

model the equivalent source-load MTDC system reasonably

and effectively, and further analyze system dynamic stability

are the main motivations of this paper.

From the perspective of system stability, a lot of research

has been carried out on high-frequency oscillation issues,

which are usually caused by dynamic interaction between

the negative-resistance characteristic of CPLs and LC filters.

And resonance mechanism analysis and damping control have

been studied in [10]–[12]. However, in this paper, we focus

on the system dynamic stability mechanism in DC voltage

control (DVC) timescale, which ignores the influence of inner

current control with fast dynamic. “DVC timescale” is first

proposed by Yuan and his team and a lot of fruitful studies

have been done [13]–[17]. Based on motion equation concept,

the stability of a grid-connected system in weak grid condition

was analyzed in [13]. Reference [14] provided a physical

insight into VSC stability issues by introducing the concept

of “damping power and synchronizing power.” These studies

focus on the stability mechanism of grid-connected VSC

systems, especially in weak condition, rather than the dynamic

stability of DC systems. Moreover, some issues still need to be

solved, such as why it is called “DC voltage control timescale,”

and what are the key factors of system dynamic stability in

DVC timescale.

From the viewpoint of methodology, “impedance-based”

“state-space” and “close-loop transfer function” are traditional

methods which can be used to stability analysis in DVC

2096-0042 © 2019 CSEE
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timescale. Nyquist criterion, Middle brook criterion and their

improved criterions can be used for “impedance-based” stabil-

ity analysis [18]–[20]. In [20], a complete system impedance

matrix was derived to investigate high-frequency oscillation in

DC MGs considering multiple types of DGs and loads. How-

ever, the aforementioned modeling method can only provide

stability information with numerical results, which cannot be

adopted for system dynamic stability analysis in an analytical

approach.

By linearizing the detailed system model, the “state-space”

model can be derived, then eigenvalues, parameter sensitivity

analysis, and then the participation factor can be used to

analyze system stability [21]–[23]. In [23], a linearized model

was used for the stability analysis of a low-voltage DC MG

considering multi-source and multi-load. To reduce model

order, the proposed model only considered the influence of

droop control. An alternative method for stability analysis is

to obtain close-loop transfer functions and further calculate the

roots [24]–[26]. In [25], the close-loop transfer function of a

cluster with multiple MGs was established, and the influence

of control parameters on system stability was analyzed through

root locus. However, the state-space model and close-loop

transfer functions are both inherently numeral calculation

based methods due to high-order modeling. They are difficult

to provide an intuitive insight into the dynamic stability of

MTDC systems in DVC timescale.

In other words, the above mentioned methods can only

provide stability information with numerical results, which

cannot uncover the system dynamic stability in an analytical

approach. Therefore, the main innovations of the paper can be

summarized as:

1) An equivalent parallel RLC model is derived for dynamic
stability of the MTDC system in DVC timescale. The DC

voltage control unit is modeled as an equivalent current source

with a circuit of a resistor, inductor and capacitor in parallel

by ignoring the droop control. It is easy to find the relation-

ship between control parameters and physical parameters of

the equivalent circuit, and the physical meaning of control

parameters can be revealed intuitively.

2) Impedance ratios K(s) and L(s) are introduced to
modify the equivalent model considering droop control and

DC lines based on their amplitude-frequency characteristics.

K(s) is simplified to a first-order high-pass filter for a DC
voltage control unit, and L(s) equaling 1 is adopted for a
generic CPL unit, which not only reduces the model order,

but also retains the model accuracy for dynamic stability.

3) Based on the modified model of the system, the second-

order characteristic equation has been further obtained, which

makes it easy to study system damping and oscillation fre-

quency intuitively. And the role of electrical and control

parameters in system dynamic stability is defined.

4) The system dynamic stability with different system-level

control strategies (master-slave control and droop based peer-

to-peer control) is investigated.

This paper is organized as follows. Section II presents the

topology and control of the system. The proposed reduced-

order modeling method is provided in Section III. Model

verification and analysis are given in Section IV. A low-voltage

MTDC system platform based experimental verification is

carried out in Section V. Section VI concludes the paper.

II. TOPOLOGY AND CONTROL OF MTDC SYSTEMS

The MTDC system considered in this paper is shown in

Fig. 1 [27]. DC voltage control units are used to control

DC voltage stability and maintain power balance as “Source”.

“Load” refers to generic constant power load (CPL) units. ucom
is the voltage of the common DC bus. In addition, DC voltage

control units and generic CPL units are interconnected with the

common DC bus through the corresponding DC lines. Master-

slave control and droop based peer-to-peer control can be used

in this system, and the number of DC voltage control units

differs in the two modes.
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Fig. 1. Topology of the MTDC system.

The control system of the DC voltage control unit #i (i =
1, 2, . . . , n) is composed of droop control, DC voltage control
and inner current control shown in Fig. 2. Rslinei and Lslinei
are DC line resistance and inductance respectively; Csi is DC

capacitance at the side of the common DC bus; udcseti and
udci are the reference and actual value of the DC voltage;

idcseti and iodci are DC current setting value and actual value;
and isi is the AC current of the DC voltage control unit. Droop
controller Gd(s) is designed as:

Gd(s) = Rd/(1 + Tlpfs) (1)

where Rd and Tlpf are droop gain and low-pass filter constant.
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Fig. 2. Control of the DC voltage control unit.
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PI control is adopted in the DC voltage controller Gudc(s),
which can be described as:

Gudc(s) = kpu + kiu/s (2)

where kpu and kiu are proportional gain and integral gain.

III. REDUCED-ORDER MODELING

This paper primarily investigates the dynamic stability of the

MTDC system in DVC timescale, the inner current control can

be ignored as its dynamic is almost 10 times faster than the

DC voltage control dynamic [14]. Note that the reduced-order

modeling method is based on per-unit (pu) system.

A. Modeling of DC Voltage Control Unit
Without considering inner current control with fast dynamic,

the transfer function of the DC voltage control unit is shown

in Fig. 3. DC voltage dynamic in a small signal manner is:

Δudci =
Gudc(s)

sCsi +Gudc(s)
Δudcseti − 1

sCsi +Gudc(s)
Δiodci

− Gudc(s)Gd(s)

sCsi +Gudc(s)
(Δiodci −Δidcseti) (3)

= ΔUrefi − ZsiΔiodci − Zsdroopi(Δiodci −Δidcseti)

where ΔUrefi represents the equivalent voltage source of the
DC voltage control unit, Zsi is the output impedance by

ignoring droop control, and Zsdroopi represents the impedance
related to droop control.

−+

∆udcseti ∆iodci

∆udci

+
−

+−
− 1

∆idcseti

∆iodci

Gd(s) −Gudc(s)
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Fig. 3. Transfer function of the DC voltage control unit.

The equivalent circuit model of the DC voltage control unit

based on the Norton theorem can be obtained from (3) shown

in Fig. 4(a). And the impedance Zsi can be described as:
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Fig. 4. Evolution of reduced-order model of the DC voltage control unit.
(a) The basic model. (b) The model by introducing Ki(s).

1/Zsi = 1/Rsi + 1/(Lsis) + sCsi (4)

where Rsi = 1/kpu, Lsi = 1/kiu.
From (4), the equivalent impedance Zsi is inherently com-

posed of a resistor, inductor and capacitor in parallel. It

is easy to find the relationship between control parameters

and physical parameters of the equivalent circuit, and the

physical meaning of control parameters is revealed intuitively.

Considering DC line impedance Zslinei and Zsdroopi related to
droop control, in order to retain the parallel RLC structure,

the model in Fig. 4(a) can be further modified as shown in

Fig. 4(b), and the coefficient Ki(s) is defined as:

Ki(s) = Zsi/(Zsi + Zslinei + Zsdroopi) = Zsi/Zssumi (5)

It is obvious that Ki(s) is inherently an impedance ratio of
the DC voltage control unit.

B. Modeling of Generic CPL Unit

In the considered system, the generic CPL unit is modeled

as shown in Fig. 5(a), where the equivalent impedance Zpj

(j = 1, 2, . . . ,m) is in the form of resistor Rpj and DC

capacitor Cpj in parallel.
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Fig. 5. Evolution of the model of the generic CPL unit. (a) The basic model.
(b) The model by introducing Lj(s).

Linearized at a steady operating point, the generic CPL unit

has the negative resistance characteristic [28],

Rpj = −U2
com/PCPLj (6)

where Ucom and PCPLj are the steady-state values of the
common DC bus voltage and power output of the generic

CPL unit (with injecting to the generic CPL unit as positive

direction).

Considering the influence of the DC line impedance Zplinej ,
the model in Fig. 5(a) is further modified shown in Fig. 5(b),

and the impedance ratio Lj(s) of the generic CPL unit is:

Lj(s) = Zpj/(Zpj + Zplinej) = Zpj/Zpsumj (7)

C. Reduced-order Modeling of MTDC System

With Figs. 4(b) and 5(b), a complete reduced-order model

of the considered system in DVC timescale is obtained shown

in Fig. 6. When master-slave control is adopted, n = 1, which
means there only exists one DC voltage control unit. And when

droop based peer-to-peer control is used, n �= 1.
The total parallel impedance Ztotal of the system can be

obtained from Fig. 6 as:

1/Ztotal =
n∑

i=1

1/Zssumi +
m∑
j=1

1/Zpsumj
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=

⎡
⎣ n∑

i=1

Ki(s)/Rsi +

m∑
j=1

Lj(s)/Rpj

⎤
⎦+

1

s

n∑
i=1

Ki(s)/Lsi

+ s

⎡
⎣ n∑

i=1

CsiKi(s) +
m∑
j=1

CpjLj(s)

⎤
⎦ (8)

… …

DC∆voltage
control∆unit∆#1

Zssumi

DC
voltage
control

DC
voltage
control

DC
voltage
control

Zssum1

Rs1

K1(s)

Ls1

K1(s)

Rsi

K
i
(s)

Lsi

K
i
(s)

Rsn

K
n
(s)

Lsn

K
n
(s)

……

DC∆voltage
control∆unit∆#n∆

Zssumn

−
+

∆ucom

∆ip1 ∆ipj
∆ipm

generic∆CPL#1

Source∆side
DC∆voltage

control∆unit∆#i

Zssum1

∆Uref1

Zssumi

∆Urefi

Zssumn

∆Urefn

Cs1K1(s) Csi
K

i
(s) Csn

K
n
(s)

∆iodc1 ∆iodci
∆iodcn

Zpsum1 Zpsumj
Zpsumm

Cp1L1(s) Cpj
L

j
(s) Cpm

L
m

(s)

generic∆CPL#mgeneric∆CPL#j

Load∆side

Rp1

L1(s)

Rpj

L
j
(s)

Rpm

L
m

(s)

Fig. 6. Reduced-order model of the source-load MTDC system.

To analyze the system dynamic stability by observing the

feature of Ztotal, the conventional process is substituting the
detailed expression of impedance ratio Ki(s) in (5) and Lj(s)
in (7) into (8), which will make the impedance Ztotal in a
high-order form. In order to simplify the impedance Ztotal,
amplitude-frequency characteristics of Ki(s) and Lj(s) are
first investigated shown in Fig. 7, and the detailed parameters

are listed in Table I.

From Fig. 7(a), Ki(s) can be simplified to a high-pass filter
in low-frequency range:

Ki(s) = kHPFis/(s+ ωHPFi) (9)

where the corner frequency ωHPFi and steady gain kHPFi
are determined by the amplitude-frequency characteristic of

Ki(s).
Lj(s) can be approximately regarded as 1 according to

Fig. 7(b) in low-frequency range. After obtaining ωHPFi and
kHPFi, substituting (9) and Lj(s) = 1 into (8) gives,

Ztotal = 1/

⎡
⎣ n∑

i=1

1

Rsi
· kHPFis

s+ ωHPFi
+

m∑
j=1

1

Rpj

⎤
⎦

+
1

s

n∑
i=1

1

Lsi
· kHPFis

s+ ωHPFi

+ s

⎡
⎣ n∑

i=1

Csi
kHPFis

s+ ωHPFi
+

m∑
j=1

Cpj

⎤
⎦ (10)

Thus, the system dynamic stability shown in Fig. 6 will be

determined by the poles of the total parallel impedance Ztotal
in (10). Since Ki(s) is mimicked by a high-pass filter and
Lj(s) = 1, the complexity of Ztotal is reduced.

IV. MODEL VERIFICATION AND ANALYSIS

A. MTDC System Configuration

To verify the proposed modeling method, a low-voltage

MTDC system shown in Fig. 8 has been used for theoretical

analysis and PSCAD/EMTDC based simulation verification.

In this system, two DC-AC converters are connected to a

common DC bus through DC lines. A DC-DC converter is

used to control the voltage uload of load Rload to be a constant
value to simulate a CPL unit. In master-slave control mode,

DC-AC#1 adopts droop control, and DC-AC#2 adopts constant

power control. In droop based peer-to-peer control mode, both

TABLE I
SYSTEM PARAMETERS OF A LOW-VOLTAGE MTDC SYSTEM

Terminals Subsystem Parameter Value

DC-AC (DC voltage control unit)

Electrical parameters

Rated AC andDC voltages 220 V/400 V
Rated power 400 kVA
LCLfilter 2 mH/10 μF, 0.5 Ω/0.12 mH
Switching frequency 10 kHz
DC capacitance 4000 μF
DC line (Lsline/Rsline) 0.25 mH/0.48 Ω

Udc-I droop
Setting value (udcref/idcset) 1 pu/0 pu
Droop gain (Rd)/low-pass filter constant (Tlpf ) 1.25 pu/0.01 s

DC voltage control Proportional gain and integral gain (kpu/kiu) 0.054 pu/2.7 pu
Current control Proportional gain and integral gain (kpi/kii) 9.78 pu/978 pu

DC-AC (Power control)
Electrical parameters

Rated AC andDC voltages 220 V/400 V
LCLfilter 2 mH/10 μF, 0.5 Ω/0.12 mH
Switching frequency 10 kHz
DC capacitance 4000 μF
DC line (Lpline/Rpline) 0.25 mH/0.48 Ω

Current control
Setting value (Pset) 2 kW
Proportional gain and integral gain (kpi/kii) 9.78 pu/978 pu

DC-DC (CPL unit)
Electrical parameters

Rated DC load voltage 200 V
DC load (Rload) 12.8 Ω
Capacitance at high voltage side 2000 μF

Loadvoltagecontrol kp/ki 0.1 pu/4 pu
Current control kp/ki 0.25 pu/250 pu
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Fig. 7. Amplitude-frequency characteristics of (a) Ki(s), and (b) Lj(s).
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of DC-AC#1 and DC-AC#2 adopt droop control. The main

system parameters are given in Table I.

With the proposed modeling method in Section III, the

corresponding reduced-order models of low-voltage MTDC

systems with different system-level control strategies can be

obtained as shown in Fig. 9.
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Fig. 9. Reduced-order models of the low-voltage MTDC system with
different system-level control strategies. (a) The model under master-slave
control mode. (b) The model under droop based peer-to-peer control mode.

B. Theoretical Analysis

1) Characteristic of K(s)

The characteristic of K(s) is first analyzed in this subsec-
tion, as shown in Fig. 10. As can be observed, the corner

frequency ωHPF is primarily affected by Rsline, Rd and kiu,
while steady gain kHPF is primarily affected by Rsline, Rd and

kpu. Especially, the corner frequency ωHPF will be increased
with the increase of Rsline and kiu, and kHPF will be increased
with the decrease of kpu.
With a given set of electrical and control parameters, corner

frequency ωHPF and steady gain kHPF ofK(s) can be calculated
first, and then the system second-order characteristic equation

under master-slave control shown in Fig. 9(a) can be obtained

from (10) as:

[Cs1kHPF + (Cp1 + Cp2)]s
2 + [(1/Rp1 + 1/Rp2)ωHPF

+ kHPF/Ls1] + [kHPF/Rs1 + (1/Rp1 + 1/Rp2)

+ (Cp1 + Cp2)ωHPF]s = 0 (11)

From (11), the system dynamic stability can be studied and

designed in an analytical approach. Especially when (11) is
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Fig. 10. ωHPF and kHPF corresponding to different parameters. (a) Influence
of DC line.(b) Influence of DC capacitance.(c) Influence of droop control
loop. (d) Influence of DC voltage control loop.

designed as a second-order under damped system (0 < ζ <
1), system damping gain ζ and oscillation frequency ωd under

master-slave control mode can be obtained as:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ζ =
1

2

kHPF/Rs1+(1/Rp1+1/Rp2)+(Cp1+Cp2)ωHPF√
[Cs1kHPF+(Cp1+Cp2)][((1/Rp1+1/Rp2)ωHPF+kHPF/Ls1]

ωd =

√
(1/Rp1 + 1/Rp2)ωHPF + kHPF/Ls1

Cs1kHPF + (Cp1 + Cp2)
(1− ζ2)

(12)

2) System Oscillation Frequency and Damping
a) Influence of electrical and control parameters: Based

on (12), the system dynamic stability under master-slave con-

trol can be studied by analyzing system oscillation frequency

and damping in a straight forward manner, as shown in

Figs. 11 and 12. As can be seen, the DC voltage control

loop has significant influence on system dynamic stability in

the low-frequency range, which provides the answer that why

we call our research as system dynamic stability in “DVC

timescale.”Especially, when proportional gain kpu increases,
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Fig. 11. Relationship between electrical parameters and oscillation frequency
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the system will become more damped, and a larger integral

gain kiu will make the oscillation frequency higher. When DC
capacitance increases, the system oscillation frequency will

be decreased slightly. Increasing Rsline will increase system
damping slightly.

b) Influence of system-level control strategies: In the

same way, the second-order characteristic equation of the

system under droop based peer-to-peer control mode can be

obtained as,

[(Cs1 + Cs2)kHPF + Cp1]s
2 + [ωHPF/Rp1 + kHPF(1/Ls1

+ 1/Ls2)] + [kHPF(1/Rs1 + 1/Rs2) + 1/Rp1

+ ωHPFCp1]s = 0 (13)

From (13), system damping gain ζ and oscillation frequency
ωd can be further obtained as follows,
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⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ζ =
1

2

kHPF(1/Rs1+1/Rs2)+1/Rp1+ωHPFCp1√
[(Cs1+Cs2)kHPF+Cp1][ωHPF/Rp1+kHPF(1/Ls1+1/Ls2)]

ωd =

√
ωHPF/Rp1 + kHPF(1/Ls1 + 1/Ls2)

(Cs1 + Cs2)kHPF + Cp1
(1− ζ2)

(14)

Based on (11)–(14), system dynamic stability under differ-

ent system-level control strategies can be investigated in an

analytical approach shown in Fig. 13. And the relationship

between the DC voltage control loop and oscillation frequency

and damping under droop based peer-to-peer control is shown

in Fig. 14. It can be seen that with the increase of proportional

gain kpu, the system root loci are both far away from the

imaginary axis, and system damping are both reinforced,

while the root locus under droop based peer-to-peer control

changes faster and the oscillation frequency is higher. And

when proportional gain kpu is large, the system will be

better damped under the droop based peer-to-peer control. In

addition, the impact of the DC voltage control loop on system

oscillation frequency and damping under droop based peer-

to-peer control is similar with that under master-slave control

mode.
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C. Simulation Verification

1) Simulation with Different Electrical and Control Parame-
ters
Simulations under master-slave mode with different elec-

trical and control parameters are conducted to verify the

proposed modeling method. The load voltage uload is changed
from 200 V to 250 V at t = 3 s. Simulation results are given

in Figs. 15 and 16. The theoretical calculation of damping

and oscillation frequency of the reduced-order model are

given in Tables II and III. It can be seen that increasing

kpu will increase system damping and decreasing kpi will
decrease oscillation frequency, and the DC line has little

effect on system dynamic although it will affect the stead-

state value of the common DC bus voltage. Meanwhile, the

oscillation frequencies are about 22.84 rad/s of scenario 3 in

Fig. 15(a) and 16.53 rad/s of scenario 7 in Fig. 16(a), which

are very consistent with theoretical calculation values 22.65

rad/s in Table II and 16.48 rad/s in Table III respectively.

The simulation results are in good agreement with theoretical

TABLE II
DAMPING AND OSCILLATION FREQUENCIES WITH DIFFERENT

ELECTRICAL PARAMETERS

Model Parameter Scenario1 Scenario2 Scenario3 Scenario4

Reduced-
order
model

kHPF 0.945 0.936 0.86 0.948
ωHPF (rad/s) 5.81 5.76 12 5.8
ζ 0.312 0.284 0.39 0.312
ωd (rad/s) 24.16 22.26 22.65 24.19

TABLE III
DAMPING AND OSCILLATION FREQUENCIES WITH DIFFERENT CONTROL

PARAMETERS

Model Parameter Scenario5 Scenario 6 Scenario 7 Scenario8

Reduced-
order
model

kHPF 0.945 0.84 0.925 0.915
ωHPF (rad/s) 5.81 5.85 2.71 9.02
ζ 0.312 0.555 0.386 0.350
ωd (rad/s) 24.16 20.38 16.48 23.53
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(d) Partial enlarged view of AC current of DC-AC#1.
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analysis, the effectiveness of the proposed modeling method

is verified.

2) Simulation with Different System-level Control Strategies
With the same transient mentioned above, two conditions

under different system-level control strategies are studied as

shown in Fig. 17. As can be observed, the voltage dynamic

of the common DC bus is better damped and oscillation

frequency is higher under the droop based peer-to-peer control,

which is in good agreement with theoretical analysis. Mean-

while, under master-slave control, only DC-AC#1 responds to

the load changing, which leads to a bigger AC current of DC-

AC#1 compared with that under the droop based peer-to-peer

control.

V. EXPERIMENTAL VERIFICATION

To verify the proposed modeling method, the experimental

system shown in Fig. 8 has been built. The control and

corresponding parameters of the experimental system are the

same with the simulation system mentioned above. At time

t, the load voltage uload is changed from 200V to 250V, the

experimental result under master-slave control mode is given

in Fig. 18. The oscillation frequency after transient is 24.17

rad/s, which is consistent with the calculated value 24.16 rad/s

in Table II, the effectiveness of the proposed modeling method

is validated.
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Fig. 18. Experiment result under master-slave control mode.

A. Experiment with Different System Electrical and Control
Parameters

At time t = 0.2 s, the load voltage uload is changed from
200 V to 250 V. The experimental results under master-

slave mode with different electrical and control parameters

are shown in Fig. 19. It can be seen that the damping will be

increased with the increase of the proportional gain of the DC

voltage control, with a smaller integral gain, the oscillation

frequency will be lower. And changing the DC line resistance

and droop gain have little effect on system dynamic although

they will affect the stead-state value of the common DC

bus voltage. Meanwhile, the oscillation frequencies are about

22.77 rad/s of scenario 3 in Fig. 19(a) and 16.45 rad/s of

scenario 6 in Fig. 19(b), which are very consistent with the

simulation results 22.84 rad/s of scenario 3 in Fig. 15(a) and

16.53 rad/s of scenario 7 in Fig. 16(a) respectively.
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Fig. 19. Experiment results under master-slave control mode with different
electrical and control parameters. (a) Results with different electrical param-
eters. (b) Results with different control parameters.
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B. Experiment with Different System-level Control Strategies

At time t, the load voltage uload is changed from 200 V

to 250 V. The experimental results under different system-

level control strategies are shown in Fig. 20. It can be seen

that under droop based peer-to-peer control mode, the voltage

dynamic of the common DC bus is better damped and the

oscillation frequency is higher compared with that under

master-slave control mode. Meanwhile, both of DC-AC#1 and

DC-AC#2 can respond to the load changing under droop based

peer-to-peer control mode, and their AC current dynamics and

steady-state values are almost the same since they have the

same control parameters. The experimental results are in good

agreement with the simulation results.
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Fig. 20. Experiment results with different system-level control strategies
when kpu = 0.054. (a) Master-slave control mode. (b) Droop based peer-to-
peer control mode.

VI. CONCLUSION

This paper proposes a reduced-order model in the form of

parallel RLC structure for dynamic stability of the MTDC

system in DVC timescale. And the physical meaning of control

parameters is revealed in an intuitive way. With this model,

the second-order characteristic equation is obtained, which

makes it easy to investigate system dynamic stability in an

analytical approach. The influence of electrical and control

parameters on system oscillation frequency and damping have

been characterized in a straight forward manner. It can also be

found that the DC voltage control loop plays an important role

in system dynamic stability, which answers the reason why it

is called “DC voltage control timescale.” In addition, dynamic

stability of the considered system with different system-level

control strategies has been well investigated.

This paper only focuses on dynamic stability of MTDC sys-

tems, how to take the influence of interconnected AC systems

into consideration, and further analyze dynamic stability of the

complete hybrid AC/DC system will be our future study.
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