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Abstract

This paper presents the stability-evaluation outcomes of a multimachine power system (MMPS) connected

with a large-scale hybrid wind farm (WF) and photovoltaic (PV) farm or hybrid wind/PV farm (HWPF) and a hybrid
energy-storage system (HESS) consisting of a vanadium redox flow battery (VRFB) and a supercapacitor (SC). A prob-
ability scheme is used to determine the rated power of the proposed HESS, where the capacities of the VRFB-ESS

and the SC-ESS are designed to effectively utilize their operating features. The control strategy of the HESS is proposed
to reduce the pressure of the VRFB-ESS and smooth the output power fluctuations of the HWPF. The steady-state
stability, small-signal stability, dynamic performances, and transient simulations of the studied grid-tied HWPF fed

to the MMPS with and without the HESS are achieved. The simulation outcomes show that the proposed HESS can
enhance the stability and power-smoothing performance of the HWPF fed to the MMPS.

Keywords Wind farm, PV farm, Hybrid wind/PV farm, Hybrid energy-storage system, Vanadium redox flow battery,
Supercapacitor, Multimachine power system, Stability, Power smoothing
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1 Introduction

The huge increase in energy demands and fast shortage
of fossil fuels significantly demonstrate the importance
of employing alternative power-production schemes.
Renewable energy sources (RES) and especially wind/PV-
based power-generation systems can be the most practi-
cal and effective means to offer the energy demand on the
earth. Producing power from RES is not only completely
environmentally friendly but also reliable and renew-
able. Both wind and PV energies can be considered the
most mature technology to produce large electric power
from RES. Due to the random characteristics of RES, ESS
should be effectively used to compensate for the inter-
mittent power-generation features of RES.

Jing et al. [1] reviewed and discussed the developments
of the HESS based on battery and SC used in autonomous
microgrids while this study also explored both technical
complexity and economic sustainability of the microgrid.
Manandhar et al. [2] proposed a new control scheme for
a PV-based DC grid system using an HESS with battery
and SC while the control scheme employed the uncom-
pensated power from the battery to promote the oper-
ating characteristics of the overall HESS. Lin et al. [3]
proposed an integral droop (ID) to apply to a group of
ESSs with high ramp rates while the transient power allo-
cation in the HESS was able to be implemented by coor-
dinating the ID and the traditional V-P droop. Xiao et al.
[4] discussed a combined energy-storage mode to meet
the ESS requirements for wind power under short-term
and long-term modes, where the short-term energy-
storage mode was designed to meet fast-changing pow-
ers using SCs while the long-term energy-storage mode
was scheduled to meet large-scale capacity requirements
using a battery based on Li-ion or VRFB. Kollimalla et al.
[5] proposed a new control scheme to achieve power-
sharing between batteries and SCs to match generation-
demand mismatch and control grid voltage. Wang et al.
[6] proposed a rule-based power-control algorithm to
activate the power dispatch of a utility-scale PV power
plant with a HESS according to Australian National Elec-
tricity Rules. Li et al. [7] discussed the strategies to con-
quer the obstacles of real-time simulations of WFs with
complicated and high-frequency switching using real-
time hardware-in-the-loop while a wind-turbine genera-
tor (WTQG) using a HESS based on flow battery and SC
to smooth wind power was investigated. Wang et al. [8]
proposed a HESS consisting of a VRFB and an SC bank
for smoothing the fluctuating output power of a 1-MW
grid-tied PV power plant while the HESS was designed
to minimize the required power rating of the SC bank to
only 1/5 of the VRFB rating to avoid the VRFB operat-
ing at low power levels by increasing its overall efficiency.
Manandhar et al. [9] proposed a new energy management
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scheme to achieve effective power sharing between dif-
ferent ESSs, faster response DC-link voltage regulation,
dynamic power sharing between the battery and the grid
based on the battery’s state of charge (SOC), etc. Samo-
sir and Yatim [10] presented a power converter for con-
necting an ultracapacitor as a secondary ESS to a fuel
cell while a bidirectional DC/DC converter was utilized
for interfacing the ultracapacitor to the fuel cell. Wee
et al. [11] used a statistical method to design a battery/
SC-based ESS for a WF by treating the input wind power
as random and using a proposed coordinated power
flow control scheme for the ESS. Hajizadeh et al. [12]
presented the control of hybrid fuel cell/energy-storage
distributed generation systems subject to a voltage sag
at distribution systems. Tang et al. [13] presented a coor-
dinated optimization control scheme for a HESS based
on real-time online analysis of the power spectrum while
the developed device was applied to some engineering
projects with both simulation and practical applications.
Hazra and Bhattacharya [14] proposed a HESS compris-
ing an ultracapacitor and battery for smoothing the oscil-
lating power of a wave-energy conversion system while
each component of the proposed HESS was sized to opti-
mize the cost. Pan et al. [15] introduced an integrated
control strategy of smoothing power fluctuations and
peak shaving based on a HESS with SC and battery while
the power fluctuations of the wind/PV/HESS were con-
trolled under constraints by a low-pass filter. Wang and
Yue [16] proposed a probabilistic scheme for determin-
ing the rated power capacity of a HESS while the scheme
allowed for optimization of the performance of the high
energy density of the battery and the SC.

This paper’s contribution is to propose a scheme to
design the rated powers for the VRFB and the SC of the
proposed HESS to effectively stabilize the MMPS con-
nected with a large-scale HWPEF. The organization of this
paper is listed below. Section 2 describes the system con-
figuration and the associated mathematical models and/
or equations of each subsystem. Section 3 depicts the
design of the rated powers for the VRFB and the SC of
the proposed HESS. Section 4 demonstrates the calcu-
lated eigenvalues and root-loci plots for small-signal sta-
bility analysis of the studied system. Section 5 illustrates
dynamic and transient time-domain simulations of the
studied system under variable wind speeds and solar irra-
diations as well as sudden trips of PV farm and WF. The
important specific conclusions are depicted in Section 6.

2 Architecture of the studied system

and mathematical models
Figure 1 shows the one-line architecture of the studied
system, where the HWPF of rated 100 MW consists of
an equivalently aggregated PV farm of rated 25 MW
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Fig. 1 Architecture of the studied MMPS connected with a large-scale HWPF through the proposed HESS [17, 19]

and an equivalently aggregated WF based on a perma-
nent-magnet synchronous generator (PMSG) of rated
75 MW. The common DC link of rated 1200 V is con-
nected to the WF, the PV farm, an equivalently aggre-
gated DC load, and a HESS through an equivalently
aggregated AC/DC voltage-source converter (VSC),
an equivalently aggregated DC/DC boost converter,
an equivalently aggregated DC/DC buck converter,
and two equivalently aggregated bidirectional DC/DC
converter, respectively. The common DC link of rated
1200 V is also connected to Bus 4 of the 14-bus MMPS
[17] through an equivalently aggregated bidirectional
DC/AC voltage-source inverter (VSI), two step-up
power transformers, and a power cable. Bus 4 shown in
Fig. 1 can be treated as the point of common coupling
(PCC) where the HWPF is linked to the MMPS. This
paper refers to the models of the 1200-V DC link, the
PV array with the DC/DC boost converter, the SC bank
with the bidirectional DC/DC converter, and other sub-
systems shown in [18] to develop a new system archi-
tecture shown in Fig. 1 with the HWPF, the HESS, the
MMPS, etc.

Bus 4 shown in Fig. 1 is a very important bus to accept
large power fluctuations generated from the HWPF of
rated 100 MW. Such large time-varying injected power
into Bus 4 can cause large voltage variations on Bus 4
and neighboring buses. Hence, the proposed HESS in
this paper is used to effectively mitigate and smooth such
power fluctuations injected into Bus 4.

2.1 Controls of the AC/DCVSC of the WF

The control block diagram of the equivalently aggregated
AC/DC VSC of the WF based on PMSG is illustrated in
Fig. 2. The major goal of this control block diagram is that
the WF can capture available maximum power from vari-
able wind speeds. To achieve this purpose, the optimal
torque control algorithm [18, 20, 21] of the wind PMSG
can be embedded in the control program of the AC/DC
VSC. The cut-in, rated, and cut-out wind speeds of the
wind turbine of the WF are appropriately chosen as 4, 12,
and 24 m s~} respectively.

2.2 Models of the PV farm and its DC/DC boost converter
The single-diode equivalent-circuit model of a PV cell is
shown in Fig. 3, [18, 22, 23], which can be extended to
establish the model of a PV farm by using the scheme
presented in [18]. The schematic diagram of the DC/
DC boost converter for connecting the output of the PV
farm to the common DC link of rated 1200 V is shown
in Fig. 4. The mathematical equations associated with the
dynamic average-value model of the DC/DC boost con-
verter shown in Fig. 4 can be referred to [18].

2.3 Models of the bidirectional DC/DC converter

and the HESS
The equivalent circuit diagram of the bidirectional DC/DC
converter for integrating the energy-storage unit into the
common DC link of rated 1200 V is shown in Fig. 5. The two
power semiconductor switches S; and S, of the bidirectional
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Fig. 4 Schematic diagram of the DC/DC boost converter connected to the output of the PV array

DC/DC converter are operated in a complementary manner
[10, 18] and, thus, this converter can operate either as a buck
converter (buck mode) or a boost converter (boost mode).
The level of the power loss of the two power semiconduc-
tor switches S; and S, of the bidirectional DC/DC converter
is around 500-600 W. It is assumed that the two power
semiconductor switches S; and S, can properly neglect their
power losses while the bidirectional DC/DC converter can
be simulated by using its dynamic average-value model [18].

The equivalent circuit model of the employed VRFB-
based ESS is shown in Fig. 6, where the resistance Rg,
represents the parasitic loss, the resistances R,,, and R,
denote the internal losses, and Iy g, I, and I, stand
for the output current, the stack current, and the pump
current, respectively. The equivalent-circuit model of the
employed SC is shown in Fig. 7, where the capacitance
Csc> the parallel resistance R, and the series resistance

R are used [10].
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2.4 Controls of the DC/ACVSI DC-link voltage V), at its reference value of V) ,.rand
The control block diagram of the DC/AC VSI is shown  control the reactive power to exchange with the AC
in Fig. 8. The purpose of the DC/AC VSl is to keep the  system. To achieve the decoupled control between the
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active and reactive components, the dg-axis reference
frame with the d-axis aligned with the voltage vector of
Bus 15 shown in Fig. 1 is used. Thus, the d- and g-axis
currents of the VSI (i, and i) are employed to control
the DC-link voltage and the reactive power that the VSI
exchanges with the AC grid, respectively.

2.5 Controls of the HESS

The control block diagram of the proposed HESS is
shown in Fig. 9. The main target of this control block is
to smooth the output power of the HWPE. To take the
average output active powers of the two farms and com-
pare them with the actual current active powers, the total
power reference of Py, . can be obtained by measuring
the active powers of the WF and the PV farm fed into the
common DC link. When the signal Pr,, ,.rpasses through
the low-pass filter, the output power reference of the
VREB (Pygpg ) can be obtained. By subtracting Py, ,.r
from Pygpg ,.» the high-frequency power components
(Prgn) vield. When the output power error of the VRFB
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(Pyrep o) Passes through the ratio of the two voltages
and adds up Py, the output power reference of the SC
(Psc o) can be determined.

3 Rated power design of the HESS

To determine the rated power of the HESS to smooth
the total output power fluctuations of the HWPF, the
employed dynamic output active powers of the WF
and the PV farm are shown in Fig. 10a and b, respec-
tively. Figure 11 shows the dynamic results of the total
power reference (Py, ,,) required by the HESS. It can
be discovered that the output active powers of the WF
and the PV farm are fast changing while the actual
wind power drops rapidly from 6 to 8 d. To effectively
smooth power fluctuations, the HESS must output the
required smoothing power Pr, ., when the system
power demand suddenly rises. To directly observe the
frequency of the peak occurrence of Py, .4 the bar dia-
gram shown in Fig. 12 is used to explain the dynamic
response simulations of Pr, ,.r shown in Fig. 11. The

PPMSG PVRFB
P Tot_rej P VRFB_re, /J'\_ P VRFB_err

25 LpFs () '
Vsc
Ppy Vyrrs
- +

+ pX BN i

u PTmn u PSC ref

Fig. 9 Control block diagram of the proposed HESS
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horizontal coordinate in Fig. 12 represents all the total all data. It can be observed from the results shown
power smoothing reference absolute value |Pg, .4 in Fig. 12 that the occurrence of the peak values of
that may occur while the vertical coordinate in Fig. 12 [Py, . is very low when compared to the lower value
represents the numbers of occurrence of |Pr, . in  of [Pr, 4.
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Applying the Kernel smoothing density estimation
(KSDE) [16] to the bar diagram shown in Fig. 12, the
probability density function (PDF) results of |Pp,, ,.d can
be obtained. The function is expressed below. B

[¢HESS: PTotfref H = KSDE(|PT0t7ref |)

(1)

where |Py,, ,; represents the selected vector of 100
points equally spaced in the range of |Py, ., and ¢
represents the vector of KSDE corresponding to absolute
values. This is theoretically optimal for estimating the
density with a normal distribution.

Figure 13 shows the PDF results of |Pr, 4, where the
horizontal coordinate represents the power of |Py, .4
while the vertical coordinate represents the probability
density of the power in all data. It can be clearly observed
the probability of occurrence of |Pr, [ that most
[Py el Tesults almost distribute between 0 and 30 MW

while the probability of occurrence of |Pp, ,.d over
30 MW is very low. The following will use the cumula-
tive density function (CDF) for the PDF results of | Py, ,.4
obtained in Fig. 13.

According to Fig. 13 for the PDF of |Py,, | obtained, the
CDF results of |Py,, .| can be found below.

X

F(x) = /0¢HESS(|PT0t7ref|)d(‘PTot7ref|) (2)
where ¢ is the function of variables and F(x) is inte-
gral of the function. The CDF results of |Py, ] shown
in Fig. 14 are calculated by using Eq. (2), where the hori-
zontal coordinate represents the occurrence of all data of
[Py refl the vertical coordinate represents the probabil-
ity density currently accumulated in all data, and the sum
of the last accumulated probability must be equal to 1.
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Figure 15 illustrates the characteristic curves of dis-
charge efficiency versus output power of the VRFB-
ESS when the values of the state of charge (SOC) of
the VRFB-ESS are 20, 50, and 80%. It can be observed
that the discharge efficiency of the VRFB-ESS remains
at a higher position with higher SOC and higher out-
put power. When the output power of the VRFB-ESS
is less than 20% of its rated power, its discharge effi-
ciency drops rapidly to be lower than 75%. Hence, the
rated power of the SC-ESS will be selected to be 20%
of the one of the VRFB-ESS. This configuration can
enable SC-ESS to share the pressure of the VRFB-ESS
and reduce the impacts of the VRFB-ESS subject to the
variable output power of the HWPFE. When the output

20 30 5
|P Tot ref | (MW)

40 0 60 70

power of the VRFB-ESS is lower than 20% of its rated
power, the addition of the SC-ESS can keep the VRFB-
ESS running at a higher efficiency. Therefore, the rated
power of the VRFB-ESS is designed to be 25 MW and
the rated power of the SC-ESS is selected to be 5 MW.

4 Small-signal stability analysis

4.1 System eigenvalues

In this paper, the wind speed of 11 m s~! and the solar
irradiance of 950 W m™2 are properly selected as the
nominal operating conditions for the WF and the PV
farm, respectively. The system eigenvalues of the stud-
ied system without ESS, with VRFB-ESS only, with SC-
ESS only, and with the HESS under the selected nominal

100
e
x 0 ]
ar’
»s 80 .
(5)
=
g 70 ;
= —S0C =20 %
&= 60 —S0C =50 %
= —S0C =80 2,
50 ‘
0 20 40 60 80 100

VRB rated power (%)

Fig. 15 Characteristic curves of discharge efficiency versus output power of the studied VRFB
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operating conditions are listed in Table 1. In Table 1, the
eigenvalues A—Ayg, Azg=Ass Agy=Agg) Azo=Aggy Ayy—As,
and Ag3—Ag9 dominant the electromechanical modes of
the synchronous generators of the MMPS, the modes of
the PMSG-based WF with its AC/DC VSC, the modes of
the PV farm with its DC/DC boost converter, the modes
of the DC load with its DC/DC buck converter, the
modes of the bidirectional DC/AC VSI with its common
DC link, and the modes of the VRFB-ESS, the SC-ESS,
and their bidirectional DC/DC converters, respectively.
When the VRFB-ESS, the SC-ESS, and the HESS are
in service, respectively, it is seen from Table 1 that the
real parts of the modes A,;—Az, move rightward toward
the imaginary axis of the complex plane. Because both
VRFB-ESS and SC-ESS are operated at “trickle charge”
mode under steady-state conditions, they are equivalent
to two electrical loads to absorb power from the common
DC link. Therefore, the bidirectional DC/AC VSI with its

Table 1 Eigenvalues (rad s') of the studied system under the selected wind speed of 11 m s~" and the solar irradiance of 950 W m~
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common DC link has significant influences on the overall
system stability to maintain stable operating conditions.

4.2 Root-loci analysis

When the wind speed of the WF increases from 4 to
12 m s~ ! and the solar irradiance of the PV farm keeps at
950 W m™2, the root-loci plots of some specified modes
of the studied system are shown in Fig. 16. It can be dis-
covered that the root-loci plots of the modes A 5—A,4 for
the common DC-link voltage move further away from
the imaginary axis of the complex plane. When the wind
speed of the WF exceeds the rated wind speed of 12 m s~
of the wind turbine, the pitch angle control system of
the wind turbine activates and the output active power
of the WF keeps constant. Hence, when the wind speed
increases from 13 to 15 m s™%, the root loci of the modes
Ay5—Nyq are identical. When the VRFB-ESS, the SC-ESS,
and the HESS are in service, respectively, the root-loci

2

Mode System without ESS System with VRFB-ESS System with SC-ESS System with HESS
Ay, EM modes of 14-bus multimachine power system -1.56+/14.81 -1.56+j14.81 -1.56+j14.81 -1.56+j14.81
N34 -1.84+,7.91 -1.84+,7.91 -1.84+,7.91 -1.84+/7.91
Ns_s -0.93£j12.31 -0.93£j12.31 -0.93£j12.31 -0.93£j12.31
Ng -0.82+/10.56 -0.82£/10.56 -0.82£/10.56 -0.82+/10.56
Ng_1o  Other modes of 14-bus multimachine power -1.174j0.67 -1.17+j0.67 -1.17+j0.67 -1.17+j0.67
Ay, System -1.35+0.29 -1.35+j0.29 -1.35+0.29 -1.35+/0.29
AEE -1.06£j0.29 -1.06£/0.29 -1.06£/0.29 -1.06£/0.29
Nis_ie -0.844+0.19 -0.84£j0.19 -0.84+j0.19 -0.84+j0.19
Myoig -0.49+j0.37 -0.49+j0.37 -0.49+j0.37 -0.49+j0.37
Ao 20 -3.87+/0.82 -3.87+/0.82 -3.87+j0.82 -3.87+j0.82
oSS -2.06+/0.26 -2.06+/0.26 -2.06+/0.26 -2.06+,0.26
Ny3o4 -0.26,-1.02 -0.26,-1.02 -0.26,1.02 -0.26,-1.02

Ags 26 -1.06,-1.80 -1.06,-1.80 -1.06,-1.80 -1.06,-1.80

Ay g -10.95,-16.19 -10.95,-16.19 -10.95,-16.19 -10.95,-16.19
Ny -16.91 -16.91 -16.91 -16.91

Nso_31 WTG with its AC/DCVSC of the WF -530£/13.84 -530+£/13.84 -530+/13.84 -530+/13.84
Asy 046 046 046 046

Ns3.34 -201.3,-200.0 -201.3,-200.0 -201.3,-200.0 -201.3,-200.0
N3s5_36 -490.2+j191.0 -488.8+/185.3 -487.1£j183.1 -486.9+/183.3
Ny7_35 PVfarm -1316.5+/498.1 -1322.2+j504.5 -1322.5+j504.6 -1322.4+j504.5
N340 DCload -0.58+/2295.6 -0.52+j2276.7 -0.55+/2276.8 -0.49+j2276.8
Ag1_sy  DC/ACVSI with its common DC link -741.4+j636.7 -740.0£631.5 -7403+£j631.2 -739.7£j631.4
N3 a4 -411+j433 -4.11+j433 -411+j433 -411+j433
Nys_a -155.1+/3539 -148.4+354.6 -149.1 £j354.2 -147.8+354.9
Ny7_ag -258.9+,7649.1 -258.8+/7649.0 -258.8+,7649.0 -258.8+/7649.0
Nsg_so -896.0+/6287.3 -896.9+/6287.2 -896.0+/6287.2 -896.0+/6287.2
Asi_s -203.6+105.6 -201.5%/104.4 -201.9+/104.7 -201.4£j104.6
Ns3_54 VRFB-ESS and SC-ESS - -0.02,-0.04 -0.02,-0.04 -0.02,-0.04
Nss5_s6 - -472.31,-0.167 - -517.88,-0.16
Ns7_sg - -1139.7 -1143.5 -1139.87,-1143.57
Nsg - - -105.67 -102.45




Wang et al. Sustainable Environment Research

(2023) 33:21

154
= (a)
7]
T 152
Nt
N
} =
=
2 157
>
E ol
g
N~y ¥  Without ESS ||
5 14.8 A With VRB-ESS
E O With SC-ESS
O  With HESS
14.6 : : : :
-1.7 -1.6 -1.5 -14 -1.3
Real part (Np s™)
370

©

Imaginary part (rad s™)
w w w
wn (=) [=a)
L < e

(7]
n
—

With HESS

Without ESS
With VRB-ESS
With SC-ESS ||

-160

-150

-140

Real part (Np s™)

-130

(e)

S
n

Imaginary part (rad s™)
=
N >

%  With VRB-ESS
A With HESS

-1
-1139.96

Fig. 16 Root-loci plots of the dominant modes of the system eigenvalues when the wind speed V), of the WF increases from 4 to 15m s~

-1139.88

-1139.8

Real part (Np s

Page 11 of 19

14.1
=~ (b)
7]
T 14r
=
~—
Rt
<
2139
>
Rt
=
oY) 13.8 *  Without ESS |
< : A With VRB-ESS
E O  With SC-ESS
O  With HESS
13.7 : : :
-5.5 5.3 -5.1 -4.9
Real part (Np s™)
109
~ @
7
2 106
[+
Nt
< 103
]
=9
2 100
]
Eﬁ *  Without ESS
< 97r A With VRB-ESS|
E O With SC-ESS
O  With HESS
94 : : ‘
-215 -210 =205 =200
Real part (Np s™)
! * With SC-ESS
it] -ESS
R (f) A With HESS
7}
T 05
=
T _— _—
S0 ALL KM N LK Ax—A ¥
>
Rt
«
£
& 0.5
g
5=
-1 ‘ ‘
-1144.15 -1143.85 -1143.55
Real part (Np s™)
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plots of the modes A ;—A,; move toward the imaginary
axis of the complex plane. This is because these ESSs are
operated as electrical loads under steady-state conditions,
and the studied system can still maintain stable operation.

When the solar irradiance of the PV farm increases
from 10% to 10> W m™2 and the wind speed of the WEF
keeps at 11 m s1, the root-loci plots of the studied sys-
tem are shown in Fig. 17. With the increase of solar
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irradiance, the output active power of the HWPF also
increases and the root-loci plots of the modes A z—A
for the common DC-link voltage move further away
from the imaginary axis of the complex plane. When
the VRFB-ESS, the SC-ESS, and the HESS are in ser-
vice, respectively, the root-loci plots of the modes A ;—
Ay for the common DC-link voltage move closer to the
imaginary axis of the complex plane to make the stud-
ied system stable operation.

Figure 16c and d show the root-loci plots of the modes
Ays_46 and Ag;_s, under different values of wind speed,
respectively. It can be found in Fig. 16c and d that the
modes Ay 4 and Ag;_s, of the studied system without
ESS have the largest root-loci variations on their real
parts while the modes A,;_,4 and Az _s, of the studied
system with different ESSs have smaller root-loci vari-
ations on their real parts. The differences between the
root-loci variations on the real parts of the modes A 5_46
and Ag;_5, of the studied system with different ESSs and
without ESS are the quantitative indicators related to
stability improvement of using the different ESSs.

Similar situations can also be observed in Fig. 17c and
d. Figure 17c and d illustrate the root-loci plots of the
modes Ay5_46 and Ag;_s, under different values of solar
irradiance, respectively. It can be found in Fig. 17¢ and
d that the modes Ay 46 and Ag; 5, of the studied sys-
tem without ESS have the largest root-loci variations on
their real parts while the modes A,5_4 and Ag;_s, of the
studied system with different ESSs have smaller root-loci
variations on their real parts. The differences between the
root-loci variations on the real parts of the modes A,5_4¢
and Ag;_5, of the studied system with different ESSs and
without ESS are also the quantitative indicators related to
stability improvement of using the different ESSs.

5 Time-domain simulations
5.1 Simulated variable wind speeds and simulated
variable solar irradiances simultaneously applied
to the HWPF
When the simulated variable wind speeds and the simu-
lated variable solar irradiances are simultaneously applied
to the HWPEF, the dynamic time-domain simulations are
shown in Fig. 18. When only the VRFB-ESS is in service,
the total active power flowing into PCC (Pg,,,) has been
smoothly improved. However, during the two-time inter-
vals of t=40-60 s and £=85-90 s, the output active power
of the VRFB-ESS reaches its rated power’s upper limit and,
hence, the smoothing effect of the VRFB-ESS on the total
active power input to PCC will be lost. When the HESS is
in service, it can be observed that the total active power
flowing into PCC can be effectively smoothed during the
two-time intervals of t=40-60 s and t=85-90s.
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5.2 Actual wind-speed variations and actual solar

irradiance variations simultaneously applied

to the HWPF
When the actual wind speeds and the actual solar irra-
diances are simultaneously applied to the HWPE, the
dynamic time-domain simulations are shown in Fig. 19.
When only the VRFB-ESS is in service, the total active
power flowing into PCC has been obviously smoothed.
However, the active-power fluctuations of the HWPF are
too large during the time interval from 6 to 8 d since the
active-power output of the VRFB-ESS reaches its rated
power’s upper limit and, hence, the obvious fluctuations
of the total active power flowing into PCC can be seen.
When the proposed HESS is in service, the total active
power flowing into PCC can be effectively smoothed dur-
ing the time interval from 6 to 8 d.

5.3 PV farm suddenly tripped

When the PV farm is suddenly tripped at t=10 s, the
transient time-domain simulations without ESS, with
only VRFB-ESS, and with the HESS under the nomi-
nal operating condition are shown in Fig. 20. It can be
observed from Fig. 20c that when no ESS is in service, the
active power flowing into PCC drops to as low as about
0.45 per unit (p.u.) at t=10 s and then reach a new oper-
ating point after the trip of the PV farm. When only the
VREFB-ESS is in service, the active power flowing into
PCC drops as low as about 0.59 p.u. at t=10 s and then
slowly returns to the original operating point after 0.025 s
due to the active-power compensation of the VRFB-ESS.
When the HESS is in service, the same active-power
compensation effect can be obtained from the HESS and
the active power flowing into PCC drops as low as about
0.62 p.u. at t=10 s and then quickly returns to the origi-
nal operating point after 0.025 s.

5.4 WF suddenly tripped

When the WF is suddenly tripped at t=10 s, the tran-
sient time-domain simulations without ESS, with the
VREB-ESS only, and with the HESS under the nomi-
nal operating condition are plotted in Fig. 21. It can be
found from Fig. 21c that when no ESS is in service, the
active power flowing into PCC drops to as low as about
0.09 p.u. and then reach a new operating point after the
trip of the WE. When only the VRFB-ESS is in service,
the active power flowing into PCC drops to as low as
about 0.19 p.u. at £=10 s and then slowly returns back
to the original operating point after 0.025 s. When the
proposed HESS is in service, the active power flowing
into PCC drops to as low as about 0.3 p.u. at t=10 s
and then slow recoveries back to the original operating
point after 0.025 s.
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6 Conclusions

This paper has proposed a HESS consisting of an SC and a
VREB, which has been used to stabilize the generated power
from an HWPF with a WF and a PV farm fed to an MMPS.
This paper has compared system-eigenvalue results for
the studied system without ESS, with the VRFB-ESS, with
the HESS, and has plotted the root-loci plots of the system
under variable values of wind speed of the WF and the solar
irradiance of the PV farm. Both dynamic and transient time-
domain simulations subject to different disturbance condi-
tions have also been performed. It can be concluded from
the simulation results that the power smoothing character-
istics of the studied system can be effectively improved by
using the proposed HESS connected to the common DC
link of the HWPF of the studied system.

Appendix
The employed parameters of the studied system are listed
in Table 2.

Table 2 Employed system parameters

Single PMSG-based WTG of the studied 100-MW HWPF [19, 30]

P=2 MW, V=690V, Rp=0.042, L jpo=1.05, L pc=0.75, Pp,=1.16
H,=25s, Hg =0.55,K;, =03 (p.u)(elec.rad)™, Dy, =0.05 (p.u.)s(elec.
rad)™

¢,=05,6,=116,c3=04,¢,=0,¢5=0, ¢,=5, ¢;=21,g=0.08, ¢,=0.035
Single PV array and DC/DC boost converter of the studied 100-
MW HWPF [18, 19]

1) PV module (SUNPOWER SPR-305E-WHT-D):

Pp=3052W,V, =547V, =558 A N,=96 cells

Voen =642V, I;.,=5.96 A, R;=0.037998 O, R,=993.51 O

2) PVarray: Nppg=11, Ny =150, Ry = (N o/ Ny ) X R, Rog = (N /N ) X R,
3) DC/DC boost converter: Cp, =500 pF, R,=0.001 O, L,=1.0 mH
Common DClink [19, 23, 30]

Vpe=1200V, Cpe=0.12 F

Single VRFB and the bidirectional DC/DC converter1 [31]

1) VRFB model: Pges =42 kW, N,y =100, C..;=6 F, R, =0.0498 Q

R =11.99 Q, SOC,, 145 =80%, SOC,, i, =20%
2) Bidirectional DC/DC converter1: R;=0.01 mQ, Ls=10 uH

Single SC and the bidirectional DC/DC converter2 [19]

1) SC model: Cg-=3000 F, Rsc=0.29 mQ, R,5-=520 Q)
2) Bidirectional DC/DC converter2: R;=0.01 mQ), Ls=10 pH

14-Bus Multimachine Power System [17,32-35]

Generator SGen1l  SGen2 SCon3  SCon4  SCon5
Rated MVA 448 100 40 25 25
Rated kV 22 13.8 138 13.8 13.8
Power factor (lagging)  0.85 0.85 0 0 0
X4 (pu.) 167 1.18 2373 1.25 1.25
Xy (p.u.) 0.265 0.220 0.343 0.232 0.232
Xq (p.u.) 1.600 1.050 1172 1.22 1.22
X/q (p.u.) 0.460 0.380 1172 0.715 0.715
"6 (9) 0.5871 1.100 116 4.75 4.75
7'/qO (s) 0.1351 0.1086  0.159 15 15
H (s) 2656 4.985 1.520 5.06 5.06
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