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The poor voltage stability and weak damping of flexible DC distribution system bring great challenges to its safe
and stable operation, and its power imbalance also has a negative impact on AC distribution system. In this
paper, a novel dead-zone based PID control strategy and a coordinated hierarchical voltage control (CHVC)
paradigm are presented to improve the voltage stability and the damping of flexible DC distribution systems. The
dead-zone based PID control is performed by a PID controller with a dead zone. It can not only carry out fast
power demand response, but also prolong the service life of the battery. The CHVC strategy coordinates the
battery converter control and the interconnected voltage source converter (VSC) droop control. It can not only
improve the overall dynamic and steady-state characteristics of the system, but also reduce the influence of the
DC system unbalanced power on the AC system. Furthermore, the effects of DC line parameters, the intensity of
interconnected AC distribution systems and outer loop control parameters on the stability of the system are also
analyzed, which can provide a theoretical basis for the selection of system hardware and control parameters.

Numerical examples verify the feasibility and the effectiveness of CHVC.

1. Introduction

Flexible DC distribution systems enable an efficient and reliable
integration of DC distributed generations and DC loads; and thus, it
possesses advantages over AC distribution systems in several perspec-
tives, such as transmission capacity, system control, and power quality
[1-4]. Compared to AC distribution systems, a flexible DC distribution
system is a converter-dominated network, so its stable operation is
mainly realized by the control of power-electronic interfaces, such as
master-slave control and droop control [5-8]. The non-differential
regulation of DC voltage can be realized by master-slave control, but
the master converter needs a large capacity, thus the safe and stable
operation of AC distribution systems is imperatively affected by the
power limit of master converter [9]. Droop control is able to coordinate
the output power of each VSC, but the disadvantage is that when the
load is disturbed, the DC bus voltage fluctuates greatly, leading to
oscillate or even diverge [10, 11]. For this reason, battery energy storage
(BES) needs to be installed to balance the power of flexible DC distri-
bution systems.

In the recent literatures, several methods have been discussed
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[12-15]. in [12], the harmony search technique is proposed to optimize
droop resistances, aiming at eliminating the voltage deviation caused by
droop control and improving the steady-state performance of DC
voltage. Further to consider the economic operation of the committed
distributed generators and guaranteeing the voltage stability of the DC
Microgrid under extreme condition, a distributed control strategy was
proposed by [13]. For smoothing the power fluctuations between the
flexible DC distribution systems and AC distribution systems, a control
strategy of BES coordinated with converter stations to smooth power
fluctuations is proposed in [14]. [15] discussed the DC voltage
compensation control method in low-voltage system, to maintain the
voltage balance by introducing the compensation of the neutral current
and neutral line impedance. [16] Utilized a dynamic droop-based
voltage regulation approach to address the voltage fluctuation in DC
distribution systems. [17] Proposed two stabilization methods for two
operation modes, and sufficient conditions for the stability of DC
microgrids are obtained by identifying the eigenvalues of the Jacobian
matrix. In [18], a current droop control strategy is applied to decouple
the power outputs of distributed energy storage units. To combat the
instability of DC distribution systems caused by constant power load,
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optimal allocation of BES was investigated by [19]. In [20], the influ-
ence of constant power load on the stability of DC distribution systems is
analyzed by numerical continuation method, and a feed-back control
method is proposed.

Although a lot of research has been done, the operation of flexible DC
distribution systems is still an open problem with the most challenging
ones listed as follows: (i) the transient and steady-state control of DC
voltage are not unified, (ii) the voltage control capability and life ex-
pectancy of BES has not been fully considered, (iii) the primary and
secondary DC voltage control are not coordinated by considering the
damping enhancement. Driven by the previously mentioned motivations
and advantages offered by the admittance-based methods, a novel dead-
zone based PID control strategy and a coordinated hierarchical voltage
control (CHVC) are proposed in this paper to resolve the aforementioned
challenges, respectively. The main contributions of this paper are sum-
marized as follows.

(1) Aim at improving the response speed of BES and prolonging
service life of BES, a novel dead-zone based PID control strategy is
proposed. With the dead-zone based PID control, BES can quickly
respond to power demand of the flexible DC distribution system
only when the DC voltage exceeds the dead zone. The frequent
charging and discharging of BES are effectively suppressed by the
dead-zone module; and thus, its service life can be significantly
prolonged.

(2) The influence of various factors (e.g., DC line parameters, the
intensity of interconnected AC distribution systems and outer
loop control parameters) on the stability of the system are
revealed, which provides a theoretical basis for the selection of
hardware and control parameters.

(3) A coordinated hierarchical voltage control (CHVC) is presented to
improve the voltage regulation capability and damping of flexible
DC distribution systems. CHVC coordinates the VSC droop con-
trol and the dead-zone based PID control, which can realize pri-
mary and secondary voltage control performed by VSC and BES,
respectively. The power response speed and the dynamic and
steady-state characteristics of the system are improved obviously.

(4) The numerical examples of the proposed dead-zone based PID
control and coordinated hierarchical voltage control coordinated
hierarchical voltage control is built in DIgSILENT simulation
platform, and the simulation results verify the effectiveness of the
proposed control strategy.

The remainder of this paper is organized as follows. The small signal
stability analysis model of flexible DC distribution systems is derived in
Section 3. The instability of flexible DC distribution systems caused by
the change of influencing factors is investigated. For instability caused
by changes in influencing factors and improve the voltage regulation
capability, the novel dead-zone based PID control and CHVC are pre-
sented in Section 4. Section 5 discusses the results of the numerical ex-
amples carried out for verification of the proposed method. Conclusions
are drawn in Section 6.

2. Topology of flexible DC distribution systems

There are three main types of network configurations for flexible DC
distribution systems: radial, two-terminal and multi-terminal power
supply structure. The radial and two-terminal structure have the draw-
backs of low power supply reliability and poor power supply capacity, so
this paper mainly discusses multi-terminal flexible DC distribution sys-
tems based on VSC [21], as shown in Fig. 1.

The multi-terminal flexible DC distribution system has the following
characteristics:

(1) It significantly changes the network topology of conventional AC
distribution systems. Moreover, by adopting this topology,
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Fig. 1. Topology of multi-terminal flexible DC distribution systems.

asynchronous AC systems can be flexibly interconnected, which
highly improves the power supply capacity and reliability.

(2) The operation mode and network structure of flexible DC distri-
bution systems can be flexibly controlled, and the connection and
disconnection of generators and storage devices of different types
and sizes are also simplified.

(3) The active power and reactive power can be decoupled inde-
pendently, which enhances the power flow control ability of the
system. Reactive power support can be applied to AC distribution
systems, improving its fault ride-through capability.

3. Small signal stability analysis model

In the traditional control (TC) of DC distribution systems, both BES
and VSC adopted droop control. The advantage of TC is that BES and
VSC can suppress DC voltage fluctuation together; the disadvantage is
that the damping of the system is weak and the quality of power supply
is low.

3.1. Typical control characteristics
(1) Ugc-Pp droop control characteristic

BES usually adopts Uqc-Pp droop control [22], and its control
expression is shown in (1):

K, (Ugereg — Uac) + Preg if  Prin < P < Prnay
P = Pmax l:f’ P Z Pmax (l)
Pmin lf P S Pmin

where Kj, is the DC voltage droop coefficient, P and P are the output
power of DC/DC converter and its reference value, respectively, Ppax
and Pp, are the maximum discharging power and maximum charging
power of DC/DC converter, respectively, Ug. and Ugcrer are the DC
voltage and its reference value, respectively.

(1) Ugc-Igc droop control characteristic

Ugc-I4e droop control is based on the linear relationship between DC
current and DC voltage, and its control expression is shown in (2):

Licrer + k(Udcref - Udc) if  Liemin < dae < Laemax
Idc = Idcmax lf Idc > Idfmax (2)
Licmin if Lie < Liemin

where k is the droop coefficient; Iy, and Iqcrer are the DC current and its

reference value, respectively; Igcmin and Iqemax are the maximum output
DC current of inverter and rectifier, respectively.

3.2. Small signal stability model of BES and PV power generation

BES is connected to the DC bus through DC/DC converter with Ugc-Pp
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control, whose circuit diagram is shown in Fig. 2.

In Fig. 2, Uge1 and Iqc; are the common DC bus voltage and DC
current injecting from the DC distribution systems to the DC/DC con-
verter, respectively; Ugc2 and I4c are the DC bus voltage at BES side and
the DC current outflow from the DC/DC converter, respectively. Ug is the
DC voltage of BES, R and L are the DC line resistance and inductance
between BES and the DC/DC converter, respectively.

Assuming the efficiency of DC/DC converter in Fig. 2 is 100%, so the
input power delivered from the dc link is equal to the output power. The
controller models under Ugc-Pp, droop control are presented in (3) to (5).

_ Vi
b= Uger 3
D = (iyy — i)Gi(s) = ((Pry — P)G,(s) — 1) Gi(s) (4
G,(s) = Ky, + % Gi(s) = K + g %)

where, s is the Laplace operator. D is the duty cycle of the DC/DC con-
verter, and i and i.f are the current signal and its reference value,
respectively.

Linearizing (4), the small signal input admittance Yj(s) of Ugc-Pp
control can be obtained as below.

(tam +422) (22 + 1,6,
Y,(s) =
|:<Id(»2(0) + %) Gp(S)-G;(S) + (ﬁ) G;(S) + l:|

Since the small signal stability analysis is to investigate the stability
of the system at an equilibrium point, therefore, the output power of PV
can be considered as a constant, and meanwhile, DC/DC converter can
be modeled by using a constant power control. The small signal input
admittance Yy (s) of PV is equal to the model when the droop coefficient
K, is zero under Uqc-Pj, control, as shown in (7).

Uaco) | Yaea(o)
(14{,-2(0) Ravral iy
Y,

vlS) =
4 ( ) I Uic2(0) G 1 Udal(())
dc2(0) + R+sL P(s)'Gi(s) + R+sL G,'(S) +1

_ aci(o)

(6)
Uei(0)

_ Maei)

)

A Y(ron (S) =

L5 ( <5Cf + m) (Uao) + Laoy (Ry + sLs)) + 1,1(0)) <(k + M) G,(s)Gi(s) + M)
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Fig. 3. Circuit diagram of VSC.

Lyrer = (Qrer = Q) Gy () ©)
Pua = (Lig — 1) Gi(s) 10)
Prg = (Iqre./' - Iq)Gi(*V) 1D

where I4 and Ig.ef are the output AC current and its reference value on the
d axis, respectively; I and Iqcs are the AC current and its reference value
on the q axis, respectively; where Pyq and Ppq are the generated p-q
inverter voltages to the pulse-width modulation (PWM) of VSC,
respectively; Q and Qq¢r are the reactive power and its reference value,
respectively.

Applying small perturbations on current and voltage dynamic, (12)
can be obtained [23].

3 1
Usgeiy ALy + Loy AU, == | sC; +——— ) (U, Loy (Ry + sL,
1e(0) ALy + Loy AUy 2((‘f+Rg+ng)(d(0)+d(ll)(f+vf))

+ 1,,(0)> AU,y 12)

where, A represent small perturbation around the operating point, and
the superscript “(0)” is the steady state operating value; Ry, L¢ and Cr are
the resistance, inductance and capacitance of each phase line respec-
tively;  is the angular speed of AC voltage; Rg and Lg are the resistance
and inductance of the grid, respectively.

By linearizing (8) and (10), and solving with (12), the small signal
input admittance of the Ugc-Ig. droop control Y,(s) is obtained as
shown in (13).

Uie(0) Uie(0)

R0 13)

3.3. Small signal stability model of VSC

The circuit diagram of VSC is shown in Fig. 3.

As shown in Fig. 3, based on the p-q frame, the current and voltage
dynamic characteristics of VSC is widely available in [23].

The outer-loop and the inner-loop controller models under Ugc-Igc
droop control are presented in (8) to (11).

Lirgs = {Idcref - k(Udm-ef - Udc) - 1:1(-}Gp (s) ®

Udel Udc2

Jdel % lie | L g
DC Bus

Fig. 2. Circuit diagram of BES.

Uqe
Use(0) {(sCf + R—ﬁ'sLA) (Ry + sL¢ + Gi(s)) + 1.5G,(5)Gi(s) <<sCf + R—glmﬂ) (Uao) + Loy (Ry + sLy)) + 14(0))] de(0)

3.4. Small signal stability model of DC load and DC line
(1) Small signal stability model of DC load

This paper discusses the DC load with constant power characteristics,
the small signal input admittance Ygcjoad(s) of DC load can be shown as
(14) [23].

_ Alypad  Piroaao)

AYetoad(8) = AU, ( 14
e de(0)

Li R
SN

(e, 0
J‘I Cil2 C4J2J‘I

Fig. 4. Equivalent model of DC = line.
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where Pjy,q is the power of the constant power load. It’s known from
(14) that DC load shows negative admittance characteristics, which
degrade the stability of the system.

(1) Small signal stability model of DC line

For DC line, n-type equivalent circuit model, shown in Fig. 4, is
sufficient to meet the need of analysis. where R4, L4c and Cg, are the DC
line resistance, inductance and distributed capacitance respectively. Due
to the small distributed capacitance of the DC line, the influence of the
distributed capacitance of the DC line is not considered in this paper.
The DC line admittance Yqline(S) can be expressed as

1

A ch]ine (s) = m (15)

3.5. Advantages of input / output admittance

In multi-terminal flexible DC distribution systems, the analysis based
on input / output admittance is advantageous, because the cascade input
/ output admittance makes it more flexible to model the add or removal
of load or source without affecting the overall model equation, as shown
in Fig. 5.

4. Controller design and stability analysis

A novel dead-zone based PID control and a novel coordinated hier-
archical voltage control (CHVC) are proposed respectively, its advan-
tages are as follows: (i) the transient and steady state control of DC
voltage are considered together, (ii) the voltage control capability and
life expectancy of battery energy storage (BES) are fully considered.

4.1. A novel dead-zone based PID control

With Uyc-Pp control the DC voltage signal passes through the pro-
portional link. On the one hand, in order to improve the power regu-

Electric Power Systems Research 202 (2022) 107572

Udc -Pp control ; ; Yo(s) i
Udc -Ppi control E é Yri(s) ;
Udc -Ppd control ; E Ypd(s) E
Udc -Ppid control ; i\ Ypid(s) E

Fig. 6. Control structure diagram with different controls.

its Nyquist diagram does not encircle (-1, 0) point. If the intersection
point of the Nyquist diagram and the negative real axis is on the right
side of the (-1, 0) point, the stability margin of the system increases with
the distance between the intersection point and the (- 1, 0) point.

Ue: Ue:
(IMO - Rf\(z) (Uj T(T - (K+ )G = )~G,(s)> Lac10) (16)
-
[(IMO Lt g’>G (5)-Gi(s) + (ﬁ) Gi(s) + 1} a1 (0)

(Im(o Z;;f:z) (ijg + (K + Kys)G, (S)‘Gi(s))

_ acio) a7
. Uge
|:(Id62 0) Lgf;?)GF(A)G,(A) + (ﬁ) G,'(S) + 1] de1(0)
o) exos)

Y}i §) = -
F d( ) I Uaea(0) G G 1 G 1 Udrl(o)
4c2(0) T Rt »(5)-Gi(s) + RsL (s)+
18)

In order to compare the system stability margin under Ugc-Ppiq
control and the other three controls, VSC adopts Ugc-I4. droop control,
only changing the control method of BES. The corresponding system

lation ability of BES, the integral link can be introduced into the outer 1.5 —— Uge-Py control  —— Uyc-Py control
loop controller of Ugc-Pp, control, and the control can be defined as Uge- UsePyi control CHVC
Py; control. On the other hand, in order to improve the damping capacity Lt :
of BES when the DC distribution systems oscillates, the differential link
can be introduced into the outer loop controller of Ugc-Pp control, and 0.5H
the control can be defined as Uqc-Ppq control. On the whole, the differ- 5
ential link and integral link can be introduced into the outer loop < ok
controller of Ugc-Pp control, and the control can be defined as Ugc-Ppid g
control. In addition, in view of reducing frequently charging and dis- R (D
charging of BES, the dead zone link is added to the above four controls, %0'0'5 I
as shown in Fig. 6. where Kj and Kq are the integral gain and differential é
gain respectively. The stability analysis models of the four controls in -1
Fig. 6 are obtained (details are shown in (6) and (16) ~ (18),
respectively). -1.5 s s s . . i s
Based on the above small signal stability analysis model, the Nyquist -1.20 -1 08 -06 -04 02 0 0.2
diagram of the corresponding flexible DC distribution systems is ob- Real Axis
tained according to the admittance criterion. The necessary and suffi- . s s s
cient condition for the stability of flexible DC distribution systems is that Fig. 7. Nyquist diagram with different controls.
DC load PV
E2-ES
AC load BES AC load
EZ{w] [ PCload
AC microgrid removs) AC microgrid
O ‘
Yoo Yocmsasct Yicvurt Yoo Yoo Yocmeaart Vi

Yiceiat Yot Yoy

Yiceiat Yot Yev

Fig. 5. Flexible DC distribution system and its equivalent admittance.
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Nyquist diagrams are shown in Fig 7.

As can be seen from Fig. 7, the Nyquist diagram of the system under
Ugc-Pp control has surrounded the (-1, 0) point, so the system has lost its
stability. The intersection point of the system Nyquist diagram and the
negative real axis under Uqc-Ppiq control is on the right side of the (-1, 0)
point, and the distance between the two points is the longest, so the
stability margin of the system under Ugc-Ppiq control is relatively
maximum. It can be concluded that both the integral link and the dif-
ferential link can effectively improve the stability margin of flexible DC
distribution systems, so the Ugc-Ppig control selected in this paper. The
detailed expression and control structure diagram are shown in (19) and
Fig. 8, respectively.

K; .
(K +? —+ de> (Udcref - Udc) + P If Use < U,

P={ Py if U <Ugr<U, (19)

K; ”
(K + 5 + de) (Um-n;f - Udl-) + Py f Us < Uy

4.2. A novel coordinated hierarchical voltage control

Based on Uqc-Ppig control of BES and Uqc-I4c droop control of VSC,
CHVC is proposed in this paper. The control structure diagram for TC
and CHVC is shown in Fig. 9.

As can be seen from Fig. 9, the primary voltage control shall be
undertaken by VSC in order to achieve the following purposes: (i) VSCs
shall coordinate the output power with each other and give full play to
its voltage regulating capacity; (ii) reduce the burden of voltage regu-
lation of BES, restraining the phenomenon of frequent charging and
discharging in BES.

Although the primary voltage regulation can respond at any given
time, when the power imbalance of flexible DC distribution systems is
serious, the output power of VSC is not enough to meet the power
requirement of the system. At this time, BES is required to perform
secondary voltage control to compensate the unbalanced power of the
system.

The secondary voltage control is completed by BES under Uqc-Ppid
control to achieve the following objectives: (i) to better meet the power
demand of flexible DC distribution systems, so that the DC voltage can
be restored to the stable working area after the secondary voltage con-
trol; (ii) enhance system damping, speeding up the system dynamic
adjustment and improving system stability; (iii) suppresses the un-
planned instantaneous fluctuation of VSC output power, and the friendly
grid connection of the flexible DC distribution systems is realized.

This paper uses dead zone-based Ugc-Ppig control, which is mainly
based on the following considerations. The power imbalance of flexible
DC distribution systems is all borne by BES, and the VSC compensates for
the power imbalance only when BES reaches the upper limit, and has the
following drawbacks: (i) BES is frequently charging and discharging,
and its life expectancy will be greatly affected; (ii) The voltage control
capability of VSC is not fully utilized, and the burden on BES is too
heavy.

4.3. Stability analysis under the change of parameters

Based on the above small signal stability analysis model of flexible
DC distribution systems, the comparison of stability margin between TC
and CHVC is investigated in this paper, considering the changes of DC
line parameters, intensity of interconnected AC distribution systems and
outer loop control parameters. The corresponding system Nyquist

Udcrif Prif
_ AU - + X P
Udc ¢ / C Kp+§ +Kis AP

Fig. 8. The control structure diagram of Ugc-Ppig control.
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Fig. 10. The Nyquist diagram of the system under the change of the following
factors: (a) DC line resistance, (b) DC line inductance, (c) AC line resistance, (d)
AC line inductance, (e) the proportional gain, (f) the integral gain.

diagrams are shown in Fig 10.

Taking the resistance parameters of DC line as an example, the
process of stability analysis is introduced in detail. Assuming that the DC
line inductance is constant, when the DC line resistance varies from 0.13
Q to 0.26 Q, that is, when the DC line length varies from 1 km to 2 km,
the system’s stability margins of CHVC and TC is compared as shown in
Fig 10(a).

As can be seen from Fig. 10(a): (i) with the increase of DC line re-
sistances, the intersection of the system Nyquist diagram and the
negative real axis gradually moves to the left, inducing the decease of
the stability margin; (ii) under CHVC, high stability margins can be
obtained compared to TC as DC line resistance varies from 0.13 Q to
0.26 Q; (iii) when DC line resistance is 0.26 Q, the system is stable under
CHVC, but it is unstable under TC.

To sum up, “(i) In certain intervals, the stability margin of the system
will decrease with the increase of the DC line parameters, the weakening
of AC distribution systems and the decrease of the outer loop control
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parameters. Overall, the system parameter mismatch problem will cause
the system stability to decrease. (ii) the stability margin of flexible DC
distribution systems under TC is small, and even unstable in serious
cases, while the flexible DC distribution systems under CHVC has larger
stability margin.

5. Evaluation results

Based on the IEEE33-node text system, a three-terminal flexible DC
distribution system is added, as shown in Fig. 11.

The flexible DC distribution systems integrates PV power generation,
BES and AC / DC load. DC voltage level is 20 kV. The rated capacity of
PV generator is 2MW. The rate capacity of BES is 2MW. DC load power is
2MW. With DIGSILENT software the modified IEEE 33-node test system
is built. The control parameters are given in Tables 1 and 2. It should be
noted that the control parameters of Ugc-Pp; control and Uge-Ppg control
can be reflected in Ugc-Ppig control, so only the control parameters of
Uqgc-Ppiq control are given.

5.1. Validation of CHVC

At 1 s, due to the sudden reduction of sunlight, the power of PV is
immediately reduced to 50% of the current output, and the simulation
ends at 19 s. The simulation results of the four controls are shown in
Fig. 12.

When the output power of PV power generation drops suddenly,
there is a large power shortage in DC distribution systems.

Based on Ugc-P), control, the power regulation of BES is relatively
small, that is, the control can’t give full play to its power regulation
ability. The dynamic regulation process of the system is relatively long.
After the transient regulation, the steady-state DC voltage deviates far
from the set point. The operation point of each VSC changes greatly,
inducing the instantaneous power exchange between AC and DC systems
and great fluctuations of the AC system voltage.

Under CHVC and Uyqc-Pp; control, BES can quickly change its power
output, giving full play to its power regulation ability against this kind of
small disturbance. The dynamic regulation process of the system is
relatively short. At the end of the transient regulation process, the
steady-state DC voltage is close to the set point and system power quality
is improved. The operation point of each VSC has a small change, that is,
the instantaneous change of switching power between AC and DC sys-
tems is small, and the voltage level of AC system is less affected.

Under CHVC, the dynamic regulation process is accelerated, that is,
the dynamic performance of the system is enhanced. However, after the
end of the transient process, the steady state of the system is consistent
with Uge-Pp control.

From the above theoretical analysis, it can be seen that the damping
of the DC distribution system under CHVC is stronger than that of Ugc-Pp;
control. For further verification, under another group of control pa-
rameters and a large oscillation of load shedding, the simulation results
of the two controls are shown in Fig. 13.

Under CHVC control, BES can quickly change its power output,

Flexible DC distribution system ‘;
PV :
&

22 23 24

Fig. 11. The modified IEEE 33-node test system.
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Table 1
Control parameters of Ugc-Igc droop control.
The inner- Kipa Kiia  The outer- Kppp  Kpip The droop k
loop 0.04 4 loop 0.6 60 control
controller Kipq Kiiq controller Kopo  Kpig controller 5
0.04 4 0.6 60

Table 2
Control parameters of Ugc-Ppig control.

The inner-loop controller The outer-loop controller The PID controller

K; Kii Kpp Kpi K il Ka
0.04 4 06 60 2 30 5
-1.2
= —— Ujye-P, control
S-14 “ —— Uyc-Py; control
= I, Uye-Ppq control >
g-16 — cave 3
A i
?_ s E] (1" —— Uge-P, control
; | . % 12.1 —— Uge-P,; control
22t 1) 2
g \u“ < cve
224 5 10 is 11.95 5 10 15
Time/s Time/s
© (d)

Fig. 12. The simulation results of the three controls: (a) the output power of
BES, (b) DC voltage, (c) the active power of VSC21, (d)the AC voltage of VSC21.

giving full play to its power regulation ability. The system has a larger
stability margin to ensure the stability of the DC bus voltage. At the end
of the transient regulation process, the steady-state DC voltage is close to
the set point. The operation point of each VSC has a small change, that is,
the instantaneous change of switching power between AC and DC sys-
tems is small, and the voltage level of AC system is less affected.

However, under Ugc-Pp; control, the system does not have enough
stability margin, the DC voltage oscillates continuously and can’t
converge to the steady state.

Furthermore, the dead-zone based PID control can avoid frequently
battery power adjustment against small disturbance, and provide
damping to keep stable when large oscillation occurs, as shown in
Fig. 14.

Based on Uqc-Ppig control of BES and Ugc-I4c droop control of VSC,
CHVC is proposed in this paper. It is necessary to verify the correctness
of the above theoretical analysis, so the simulation results of changing
DC line parameters, the intensity of interconnected AC distribution
systems and outer loop control parameters will be given, and the control
effects of TC and CHVC will be compared and analyzed.

5.2. Simulation verification under the change of parameters

The simulation results of the negative effects of DC line parameters,
the intensity of interconnected AC distribution systems and outer loop
control parameters on the stability of the system are shown in Fig. 15.

Taking the resistance parameters of DC line as an example, the
simulation process is introduced in detail. Assuming that the DC line
inductance is constant, when the DC line resistance varies from 0.26 Q to
0.52 Q, that is, when the DC line length varies from 2 km to 4 km, the
simulation waveform is shown in Fig. 15(a).

From Fig. 15(a), it can be seen that under the same PV power
disturbance, when the DC line resistance is equal to 0.26 Q, the system
produces a stable response under TC. But the DC voltage is at a lower
level after the secondary voltage control, and the dynamic regulation
process of the system is relatively long. However, when the DC line
resistance is equal to 0.52 Q, the DC voltage oscillates and diverges
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Fig. 13. The simulation results of the two controls: (a) the output power of BES, (b) DC voltage, (c) the active power of VSC21, (d)the AC voltage of VSC21.
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Fig. 14. The simulation curves of the output power reference value of BES.

under TC, and the system loses its stability. In contrast, under CHVC,
system stability margin is improved and the DC voltage quickly recovers
to the allowable range after the secondary voltage control, the dynamic
regulation process of the system is relatively short.

To sum up, (i) the damping and stability margin of the system will
decrease with the increase of the DC line parameters, the weakening of
AC distribution systems and the decrease of the outer loop control pa-
rameters. (ii) When the power imbalance of DC distribution systems is
serious, TC can’t meet the power requirements of the system, and can’t
provide enough damping to maintain DC voltage stability, inducing the
system loses stability. (iii) CHVC proposed in this paper can increase
system stability margin and effectively restrain the occurrence of power
imbalance and DC voltage fluctuation in DC distribution systems.
Moreover, it can reduce the influence on AC distribution systems.

6. Conclusion

This paper proposes a novel coordinated hierarchical voltage control
(CHVCQ), with the aim of improving the transient and steady state per-
formance of flexible DC distribution systems. The primary voltage con-
trol is performed by voltage source converter (VSC) based on Ugc-Igc
droop control, and the secondary voltage control is performed by BES
based on a novel dead-zone based PID control. The conclusions are as
follows:

28 28
_ Rggggzzr}l;‘in — CHVC and Ly=12.8mH
> 26 c > 26
% —_— Z% g«ggh}fﬁc % — TC and Ly=12.8mH
024 : 24
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ERY) : | £22 .
220 2 2OMMWMWM
O QO
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Time/s Time/s
(a) ()
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,=0.520 g 12.0Mm
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) =0.520hm 2 —1 4.0l
224 e 22 _ rcand
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Fig. 15. The simulation results of DC voltage under the change of the following
factors: (a) DC line resistance, (b) DC line inductance, (c) AC line resistance, (d)
AC line inductance, (e) the proportional gain, (f) the integral gain.

(1) The increase of DC line parameters, the weakening of AC distri-
bution systems and the decrease of the outer loop control pa-
rameters would lead to the decrease of the system damping and
stability.
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(2) Under CHVC designed in this paper, BES can quickly respond to
the power demand of flexible DC distribution systems when the
DC voltage exceeds the dead zone. Theoretical and simulation
results show that CHVC has the following advantages: (i) the
damping and stability of the system have been significantly
improved, (ii) the transient regulation process is significantly
shortened, which is due to the rapid power response of BES when
the DC voltage exceeds the dead zone, (iii) the steady DC voltage
can be restored to the allowable range after secondary voltage
regulation, (iv) the negative impact on the stable operation of AC
distribution systems, caused by the power imbalance of DC dis-
tribution, is also significantly suppressed.
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