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Voltage stability analysis
considering dynamic interaction
for power systems integrated with
multi-PMSGs
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This paper presents the dynamic voltage stability index based on the voltage
oscillation loop for power systems integrated with multiple permanent magnet
synchronous generators (PMSGs) to assess the dynamic interaction on voltage
stability. First, the model of power systems integrated with multi-PMSGs using a
Q-V sensitivity matrix as feedback to connect all PMSGs is established. The
transfer function model between voltage and reactive power is derived, and the
voltage oscillation loop can be derived, which exists in each PMSG. Next, the
dynamic voltage stability index is theoretically derived and given, the impact of
dynamic interaction among multi-PMSGs on voltage stability can be quantified,
and the source of voltage oscillation can be identified and determined. Then, the
voltage stability is recovered by shedding the trouble-making PMSG. The
parameters of PMSGs could be tuned with the guidance of the dynamic
voltage stability index to reduce the risk of voltage oscillation. Finally, the
example of a test system with PMSGs is used to validate the correctness of
the dynamic stability index.
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1 Introduction

Wind power has been applied extensively in many nations as a rich and clean renewable
energy source (Kroposki et al., 2017; Wang X. et al., 2015). Among all kinds of wind turbine
generators (WTGs), permanent magnet synchronous generators (PMSGs) can be widely
used because of its high efficiency and reliability (Li et al., 2012; Sanchez et al., 2012).
However, the risk of power angle instability, voltage instability, and frequency instability
might increase when power electronic converters are used to link massive amounts of wind
generators to the power system. At home and abroad, accidents caused by grid-connected
WTGs have been reported recently (Wang L. et al., 2015; Adams et al., 2012), such as the
wind farm located in Hebei Province of North China (Wang L. et al., 2015), the Harmi area
of West China (Liu et al., 2017), and Texas of the USA (Adams et al.,, 2012), subsequently
causing the tripping of a great number of WTGs and damage to crowbar circuits. These
accidents have brought serious challenges to power angle stability, voltage stability, and
frequency stability (Rakhshani et al., 2019), which are coupled with each other during the
disturbances. In order to improve the stability of renewable energy grid-connected systems,
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FIGURE 1
Power system with multi-PMSGs.
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FIGURE 2
PMSG-k connected to the power system.

scholars have conducted extensive research. Bellhier and Oubelaid
(2024) provided a solution to address the intermittent and stochastic
nature of renewable energy management and improve the efficiency
of energy systems. A novel control approach is proposed by
Khosravi et al. (2023) to improve the stability of hybrid AC/DC
microgrids. Dashtdar et al. (2022) provided a new protection
method for DC microgrids based on the Fourier transform.
Wijnhoven et al. (2014) discussed a selection of control aspects
that are important for the negative sequence current injection of type
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4 wind turbines. A new WT and VSC-HVDC control method is
proposed by Erlich (2017), which can determine the reference
voltage directly.

Meanwhile, voltage stability is gaining more attention due to the
high penetration of wind generation, and scholars have studied some
strategies to improve voltage stability (Ou et al., 2016; Liu and Sun,
2014). Ouetal. (2016); Sravan Kumar et al. (2014) improved voltage
stability through the coordination of reactive power. The method of
coordinated dynamic VAR source placement is applied for voltage
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FIGURE 3
MSC vector control of PMSG-k
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GSC vector control of PMSG-k.
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FIGURE 5

Configuration of the voltage oscillation loop of PMSG-k
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FIGURE 6
Interconnected linearized model of the system with PMSGs.

stability enhancement by Liu et al. (2018); Chi and Xu (2020).
The voltage stability and control of offshore wind farms with AC
collection and HVDC transmission are investigated through
impedance models by Liu and Sun (2014). Voltage stability is
more complex with the dynamic interaction among the dynamic
units, such as synchronous and wind generators (Qian et al,
2016). Hence, proposing the voltage stability index to evaluate
dynamic interaction quantitatively is necessary.

Numerous researchers have developed techniques for
assessing the voltage stability of power systems with wind
generators, including the continuous power flow method,
probability analysis method, and bifurcation theory method.

Frontiers in Energy Research

Vittal etal. (2010) provided a detailed methodology to assess the
influence of wind turbine generators on the static voltage
stability of the power system by combining economic
dispatch, power flow, unit dedication, and past time-series
information. Rawat and Vadhera (2020) proposed a method
to analyze the stable state probabilistic voltage stability margins
considering generation and load demand uncertainty. The
model is presented to analyze the static voltage stability of
the system integrated with WTGs based on bifurcation
(2019), and the
probabilistic index can be used to examine the probability

theory by Tourandaz Kenari et al

risk of voltage collapse.
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FIGURE 7

Four-machine two-area system integrated with PMSGs.

TABLE 1 Computational results of the dynamic index from each of the rest of PMSGs—study case 1.

Amount of the index

Source of the influence

Source of the influence Amount of the index

PMSG-2 2.0210

PMSG-3 26.8907

However, the methods proposed above focus on steady voltage
stability. With the dynamic time scale of the power system becoming
shorter due to the significant penetration of wind power, the
dynamic characteristics of voltage stability cannot be neglected.
The scholars have conducted meaningful research studies on the
dynamic voltage stability of the power system integrated with
WTGs. Venkatesh et al. (2007) presented a dynamic voltage
collapse index programmed into a microprocessor-based relay
to reflect the risk of voltage collapse over the feeder connecting
WTGs. Baa Wafaa and Dessaint (2018) proposed an improved
voltage stability index to assess the stability of the system with
WTG integration by considering optimal power flow. Su et al.
(2019) focused on the dynamic interaction between WTGs and
induction motor loads and examined the dynamic voltage
stability process from the modal coupling aspect.

As the quantity of WTG grows, the influence of dynamic
interactions between multiple wind turbine generators on voltage

Frontiers in Energy Research

PMSG-4 0.0032

PMSG-5 -0.1001

stability is becoming more dominant. However, the dynamic
interactions that exist in multiple wind turbine generators are
rarely considered in terms of voltage stability, especially when
quantifying the influence of each remaining wind generator on
the voltage stability of a selected wind generator in a system with
multiple wind turbine generators. Therefore, the paper presents
the dynamic voltage stability index for a system integrated with
multi-PMSGs based on the voltage oscillation loop, and the index
proposed can quantify the influence of dynamic interaction
among multi-PMSGs on voltage stability.

The proposed method is more suitable for the analysis of
dynamic voltage stability than the continuous power flow method
(Vittal et al, 2010), probability analysis method (Rawat and
Vadhera, 2020), and bifurcation theory method (Tourandaz
Kenari et al,, 2019), rather than being limited to analyzing steady
voltage stability. Compared with the methods proposed by
Venkatesh et al. (2007); Baa Wafaa and Dessaint (2018), this

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1417360

Cheng et al.

10.3389/fenrg.2024.1417360

16 T T I T

—~ 14 Nz
3 T
£ 12+ i
- A 113 FUERL
) I A DA\ AW IR, LB B YA A
o 1 32 325 33 335 34 345
=
o gl
—
o
o 06
2
9]
o 04
(]
= Without PMSGs shed
§ 02~ | With PMSG-2 shed
x | | With PMSG-3 shed

07 |= — - With PMSG-4 shed

op L /= With PMSG-5 shed | |
"o 1 2 3 4 5 6
Time (s)

FIGURE 8

Dynamic responses of reactive power of PMSG-1 with different PMSG shed.
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FIGURE 9

Dynamic responses of voltage of PMSG-1 with different PMSG shed.

method can be used to analyze the impact of dynamic interaction on
dynamic voltage stability. Su et al. (2019) analyzed the dynamic
interaction between WTGs and induction motor loads but did not
quantitatively analyze the dynamic interaction among each WTG.
Harmonic modeling of the wind turbine induction generator is
presented by Garcia et al. (2018), and the method analyzes the
harmonic interaction between the wind power generator and the
power system, but it is difficult to analyze the dynamic interaction
among wind power generators considering the voltage characteristics.
Therefore, the proposed method has improved the shortcomings of the
methods proposed by Su et al. (2019); Garcia et al. (2018).

Frontiers in Energy Research

In Section 2, the interconnected model of the power system
integrated with multi-PMSGs is proposed, and the voltage
oscillation loops that exist between PMSGs are derived. In
Section 3, the dynamic voltage stability index based on the
voltage oscillation loop is introduced, and the theoretical
derivation and calculation steps of the index are presented. Based
on the voltage stability index, the source of voltage oscillation can be
identified and the parameter tuning of PMSGs can be guided. In
Section 4, the validity of the proposed dynamic voltage stability
index is tested under different scenarios in the test system. Section 5
summarizes the novelty and main contributions. The novelty and
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FIGURE 10
Variation curve of the dynamic index of PMSG-5.

TABLE 2 Computational results of the dynamic index from each of the rest of PMSGs—study case 2.

Amount of the index Source of the influence Amount of the index

Source of the influence

PMSG-2 2.0210 PMSG-4 0.0032
PMSG-3 26.8914 PMSG-5 —-0.0981
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FIGURE 11

Dynamic responses of reactive power and voltage of PMSG-1 under different conditions of the filtering reactor.

contributions of the paper are mainly reflected in four aspects: 1) the
transfer function model between voltage and reactive power at the
point of common coupling is derived by combining the dynamic
equation of PMSGs and the power equation at the point of common
coupling; then the voltage oscillation loop of PMSG is derived. 2)

Frontiers in Energy Research

The dynamic model of power systems integrated with multi-
PMSGs using the Q-V sensitivity matrix as feedback to connect
all PMSGs is established. 3) The dynamic voltage stability index is
theoretically derived and given, the impact of dynamic
interaction among multi-PMSGs on voltage stability can be
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TABLE 3 Computational results of the dynamic index from each of the rest of PMSGs—study case 2.

Amount of the index

Source of the influence

Source of the influence

Amount of the index

Xf5 = 0.305 Xf5 = Xf5 = 0.305 Xf5 = 0.18
0.18
PMSG-2 0.2125 0.2125 PMSG-4 0.0004 0.0004
PMSG-3 2.1256 2.1259 PMSG-5 -0.0104 -0.0096
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FIGURE 12

Dynamic responses of reactive power and voltage of PMSG-1 under different conditions of the filtering reactor.

can be
identified and determined, and then the voltage stability is
recovered by shedding the trouble-making PMSG. 4) The
parameters of PMSGs could be tuned with the guidance of the

quantified, the source of voltage oscillation

dynamic voltage stability index to reduce the risk of voltage
oscillation.

2 Model of power systems with
multi-PMSGs

The configuration of the power system integrated with multi-
PMSGs is shown in Figure 1, and PMSGs are connected to N nodes.
X1k and Ry are the inductance and resistance of the kth line, which

Frontiers in Energy Research

connects the PMSG and power system. V is the voltage of PMSG-k,
and Py + jQg and I + jlgx indicate the power and current output
of kth PMSG, respectively.

An interconnected model of the transfer function of the whole
system is established to analyze the voltage stability of power system
integrated with multi-PMSGs.

2.1 Dynamic model of the power system

Figure 1 depicts the precise structure of the power system. There
are M SGs and N points of common coupling (PCC) of PMSGs.
Denote I + jlcq and P+ jQ as the power and the current
output of ith SG. X,; and R,; are the inductance and resistance of the

frontiersin.org
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FIGURE 13

Variation curves of the dynamic index of PMSG-5 when the parameters are changing.

ith line, and V; is the voltage of SG-i. The state-space model of SG-i
can be established as follows (Du et al., 2016):

d
aAXC,‘ = A,‘AXC,‘ + bp,’APC,' + bq,‘AQa‘

AV, = CiTAXc,' + dp,'APC,' + dq,‘AQC,'

, (1)

where A denotes the deviation of variables and AX;, (i=1,2 ..., M)
represents the SG-i variable matrix.
From Eq. 1, the model of SG-i can be obtained as

Avci = Gpi (S)Apci + qu (S)AQcia (2)

Gpi (S) = CiT(SI - A,‘)ilbpi + dp,‘

where Gq,' (S) = CiT (SI —A,')ilbq,' + dq,’ ’

By combining Eqs 1, 2, there is a clear expression for the SG-i
model. Therefore, the model of the whole system is derived by
combining PMSGs and SGs.

2.2 Voltage oscillation loop of the PMSG

Figure 2 depicts the PMSG-k structure coupled to the power
system. Xy represents the reactance, Cy refers to the DC
and Vg is the magnitude of the DC
capacitor voltage.

Consider the PCC-k (Vpcc_k£0pcc-k)’s voltage direction to be
the d-axis of the PMSG-k’s d-q coordinate. Thus,

capacitor,

Vak=Vi, Vg =0, (3)

where subscripts d and g stand for d- and g-axis components in the
d-q coordinate, respectively.

Frontiers in Energy Research

The model of PMSG-k can be determined as follows (Li et al.,
2012; Du et al.,, 2017):

d
aAXk = A AX; + bkAVk

APy = chAX; + d AV 4)

AQk = C:kAXk + quAVk

where AXy, (k =1, 2., N) represents the PMSG-k state value matrix.
From Figure 2, the equations of active and reactive power
outputs of PMSG-k are obtained as follows:

APy = VoAl + LixoAV i (5)
AQr = —VigAly — Iy AV’

where the variable at the steady state is denoted by subscript 0.
In this way, the currents of PMSG-k can be obtained as

dl,
1k ddk = 0y (Vieak = Var) + 0o X sl g
! (6)
dI ’
kad—zk = wO(Vsqk - qu) = wo X rrlak

where wy is the synchronous frequency.
By combining Eqs 3-6, the linearized line current equations
could be written as Eq. 7

dAIdk
T a

dAT
ka at = a)OAVqu - onkaIdk

= Wy (AVsdk - AVk) + (()OkaAqu
7)

Figure 3 shows the configuration of the MSC vector control of
PMSG-k, and there are three control loops in Figure 3: part 1 is speed

frontiersin.org
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TABLE 4 Computational results of the dynamic index from each of the rest of PMSGs—study case 3.

Case 1 0.22 250 0.27 0.305 1.8378 24.3620 0.0029 -0.0909
Case 2 0.24 215 0.27 0.18 1.5030 19.8813 0.0024 -0.0729
Case 3 0.35 200 0.27 0.18 1.2047 15.8234 0.0019 -0.0583
Case 4 0.1 225 0.27 0.305 1.8036 23.9910 0.0028 -0.0892
Case 5 0.22 210 0.27 0.18 1.4901 19.7228 0.0023 -0.0723
Case 6 0.1 225 0.27 0.18 1.8037 23.9915 0.0028 -0.0876
Case 7 12 180 0.27 0.18 0.6670 14.4086 -0.0004 0.0138
Case 8 12 170 0.355 0.18 0.3570 15.5686 -0.0005 0.0180
Case 9 1 190 0.27 0.18 0.1256 0.9659 0.0002 -0.0054
Case 10 1 230 0.27 0.18 0.4734 5.6057 0.0008 -0.0223
Case 11 0.8 200 0.27 0.305 0.5178 6.3402 0.0008 -0.0255
Case 12 1.05 200 0.27 0.2 0.1362 1.0722 0.0003 —-0.0060

The bold values means in this table means the negative index.

control, part 2 is q-axis current control, and part 3 is d-axis AV + quo( Kps+ Kis )( Kyt Kiy ) AV, =

current control. s s (12)

From Figure 3, the model of the three loops of the MSC vector
control can be obtained as Eq. 8.

r Ki,
ALY = Awpk<1<l,_5 LR 5)
ref _ ref i-6
AV = (AL - AIqu)(KP_é += ) -y Awy

- Xpdk(wpkOAIpdk + IpdkOAwpk)s

AV = Alpdk<1<1,,7 + 57 + X par(@proAT pgi + IpgroAwpi ) (8)

where V;Z{( and V;i];c represent the q- and d-axis components of the
reference voltage of MSC, respectively.

Figure 4 shows the configuration of the GSC vector
control of PMSG-k. There are four control loops in Figure 4:
part 1 is DC voltage control, part 2 is d-axis current control,
part 3 is reactive power control, and part 4 is q-axis current control.

From Figure 4, the model of four loops can be obtained as
Egs 9-10.

ref Kifl
AL = AV (Ko +
N

, )
re re K
AVsdi = (AIdkf - AIdk)<Kp—2 + S 2) + AV gy — kaAqu
K
AT = AQk<KP,3 + 3)
1 S
(10)

ref ref Ki74
A‘/sqk = (Aqu - Aqu) Kp—4 + T + Aqu + kaAIdk

By ignoring the transient process of the PWM algorithm, the
following equations can be obtained as
(11)

V:;']fc =V V:;£ = Vsqk~

By combining Eqs 5, 10, 11, the linearized equation containing
AV gk, AVk, Alg, and Al can be written as Eq. 12.

Frontiers in Energy Research 10

Ki—4
s

K. '
X ALy ~ [Vko(Kp_3 + TS) + 1](Kp_4 + >A1qk

By substituting Eq. 7 in Eq. 12, the transfer function model from
variable AV to variable Al is then deduced as Eq. 13.

Al = Gy ($)AVy, (13)

—wolgko (sKp-3+Ki3) (sKp-4+Ki—4)
o [Viko (sK p3+Ki3)+s] (sKp 4 +Ki 4)+53 X p1*

where Gy (s) =

By combining Eqs 5, 13, the linearized model of the voltage
oscillation loop of PMSG-k can be deduced as Eq. 14. In addition,
the configuration is shown in Figure 5.

AQx = =LAV = VigAly = ~[Igko + VioGrvi () |AV.  (14)
Then, the transfer function model from AQj to AV} of the
PMSG-k can be written as

AV = Govk (5)AQx, (15)

_ -1
where Gy (s) = T VioGrve (5)°

2.3 Interconnected model of the power
system with multi-PMSGs

The proposed model focuses on the dynamic voltage stability
under a small signal; in Section 2.2, the voltage oscillation loop of
PMSG is derived by linearizing the dynamic equation at a stable
equilibrium point. Furthermore, in order to connect all PMSGs, the
Q-V sensitivity matrix under the stable equilibrium point can be
used as the feedback of the interconnected system.

A linear expression Eq. 16 can be used to represent the
relationship between power and voltage.
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FIGURE 14 relationship between AQp and AVp. Although APp is ignored,
(Continued). the influence of the change in system load or power transmission
level is included in the relationship between AQp and AVp. Based
on the above considerations, if APp =0, then Eq. 17 can be
written as
APp _ Apg_p Apy_p AOp (16) AQp = ARAVp, (17)
AQp Aqo_p Aqv_p || AVp |

where APp, AQp, AOp, and AVp are the vectors of the variables of
active power, reactive power, angle, and magnitude of voltage,
respectively. The subscript P represents the vectors regarding the
PCCof PMSGs. AVp = [AV) ... AVi ... AVy]", and Vi is the
magnitude of PCC-k voltage in Figure 1.

The voltage stability of the power system is affected by active and
reactive power. However, at each operating point, active power
could be constant to analyze voltage stability considering the
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where Ag = Aqv_p — AQ(;_pA;,},_PAPV_p. Ap is the Q-V sensitivity
matrix of the PCC in Figure 1; moreover, it relates to voltage
magnitude and reactive power injection.

By combining Eqs 15, 17, the interconnected model of the
system integrated with multi-PMSGs can be shown in Figure 6.

There are two parts in Figure 6: part 1 refers to the voltage
oscillation loop of PMSG-k and part 2 is the whole power system
except PMSG-k. In Figure 6, part 2 has an influence on the voltage
oscillation loop of PMSG-k. Moreover, the mathematical expressions
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of influence from the network and each PMSG except PMSG-k,
respectively, are derived in Section 3. All the PMSGs are connected
through the network, and Ag relating to AQp and AV p represents the
connection of the network. The mathematical expression of AQp in
Figure 6 is shown as Eq. 18.

AQp=[AQ ... AQ; ... AQy]". (18)

The mathematical expression of AVp in Figure 6 is shown as
Eq. 19.

AVp=[AV, ... AV ... AVy]". (19)

3 Dynamic voltage stability index

From Figures 5, 6, there is a voltage oscillation loop of PMSG-k,
which is affected by the rest of the system. To quantify the influence,
the dynamic voltage stability index is proposed, and the voltage
stability can be analyzed quantitatively. The more detailed
derivation can be shown as follows.

For the loop of PMSG-k in Figure 5, Eq. 15 (Sravan Kumar et al.,
2014) can be rewritten as

(52 + wis + Kk)AVk = Hkl (S)AQk, (20)
where, y; = “’gff’;’“, K = w§(1§:4, and
1 K, 4+ @wyVigK, 3K,
Hu (s) = Sz_wo p-4 T WoV kol p-3 Pt
Tako Tako X sk
B woK; 4 + woVioKp 3Ki g + woVioKi 3Ky 4
Tgko X sk
woVioKi3Ki4 1
quOka s
Then, Eq. 17 can be rewritten as
AQy _ Arkiy Aras) || AV 1)
AQg Agresiy Aress) || AVs |

where subscript k represents the variables of PMSG-k and subscript
S represents the variables of all the PMSGs except PMSG-k, S =1, 2,.,
k-1, k+1,., N. Furthermore,

Args) = [Ary " Argeken Argeiksn T A )b
T
Arsp = [Aran " Argerl) Argeri) 0 Arvi ] s
[ Ay Ark-1y Aruke ANy
A N Areeny o Areerk-n) Arerke) 0 Are-LN)
R(SS) = .
&5 Ar(k+1,l) Ar(k+l,k—l) Ar(k+l,k+1) Ar(k+l,N)
L Ar(N,l) Ar(N,kfl) Ar(N,k+1) Ar(N,N) |

From Figure 6, the equation AVy = Gqui(s)AQr can be

translated into the matrix form as

AV = Gqys (s)AQs, (22)
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where
Gavi (s) 0

Gavs (s) = Gavik-1(8)

Gavki (8)

0 Gavw (5)
By substituting Eqs 21, 22, the transfer function model from
variable AV to variable AQy is then deduced as Eq. 23.

AQy = [Ar k) + Aries)Govs () (I — Ar(ss)Gaovs (5))_1AR(S,k)]AVk>
(23)

where I refers to the identity matrix.
Consider Hy, (s) as the transfer function of the whole power
system except PMSG-k (part 2 in Figure 6). We have

AQy = Hy, (5)AVy, (24)

where
Hio(s) = Arkp) + Ariks)Gavs () (I = Ar(s.5Gavs () Arisi-

By substituting Eqs 20, 24, the representative equation of the
voltage oscillation loop of PMSG-k is obtained.

52+/Aks+Kk+Hk(s) =0, (25)

where Hy (s) = —Hp; (s)Hp, ().

Consider A, = & + jwy as the oscillation mode, which is exactly
the mode of the voltage oscillation loop of PMSG-k. Moreover, Ay =
&y + jwy is a solution to Eq. 25. Therefore, we obtain

Ai + [zlkllk + Kk + Hk (/\k) =0. (26)
The decomposition of Hy (1) can be obtained as
Hi (M) = Hi—reat (M) + jHi—imag (M) = His + Hiai
= Hy, + Hya (& + jor), (27)

where Hy_req (Ak) and H_jnaq (Ax) are the real and imaginary parts

of Hy (Ag), respectively. Hys and Hy, are two real numbers, which

are presented for the division of Hy (Ax), as denoted in Eq. 27.
Using Eq. 27, Hys and Hyg can be calculated as

Hk—imag (Ak)gk Hy = Hk—imag (Ak)

HkS = kareul (Ak) - (28)
Wy Wi
By substituting Eqs 26, 27, we have
A+ (s + Hia)My + Ky + Hy = 0. (29)

In Eq. 29, y; + Hyg is referred to as the influence on the
voltage oscillation loop, where y; refers to the self-influence that
PMSG-k itself has and Hyy is the influence from the power system
except PMSG-k. Furthermore, the influence y + Hyq is the
component in the variation of voltage sAVy, which is at the
complex frequency Ax = & + jwi. Therefore, the speed of voltage
variation at the complex frequency represents the physical
meaning of influence. The damping ratio and frequency of the
oscillation mode Ay are determined by y; + Hyxy and Ky + Hys,
respectively.
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In order to calculate the influence from network and each PMSG
except PMSG-k, respectively, the derivation is shown as follows.
By combining Eq 23, 24, we obtain Eqs 30, 31.

F(s) = AR(k,S) Gst (s) (I - AR(S,S) GQVS (S))_1

=[fi(s) = fra(s) frn(s) - fn(9]. (30

Hence,

N
Hia(s) = Areiy + . f1(9)Arin»
ik

(31)

where f;(s)A, ik refers to the effect coefficient of PMSG-i and
Ay (ki 1s the effect coefficient of the network.

Thus, the dynamic voltage stability index, i.e., the influence from
network and each PMSG except PMSG-k, respectively, can be
obtained as Eqs 32-33.

1
Hig_pet = w_kIm [AraewHi ()]s (32)

1
Hia-pmsc-i = w—klm[—fi (/\k)Ar(i,k)Hkl (Ak)]) (33)
where Hyg e refers to the influence from the network on the
voltage oscillation loop of PMSG-k and Hyg-pmsg-i is the influence
from PMSG-i. The symbol Im [ | means the imaginary part of
the variable.

4 Example of the test system

The formation of the example of the test system with PMSGs is
illustrated in Figure 7. There are four SGs and five PMSGs in the
power system. The model of the PMSG provided by Li et al. (2012) is
adopted, and the values of the parameters of PMSGs are adjusted
differently according to the parameters of SGs and loads.

4.1 Study case 1—calculation of the dynamic
voltage stability index

In this study case, the oscillation loop of the PMSG-1 is chosen
for the calculation of the dynamic index of the rest of the PMSGs.
The equation of the chosen voltage oscillation loop of the PMSG-1 is
obtained from Eq. 25.

s>+ Dis+ K, =s%+173.335 + 1841.6 = 0. (34)

Thus, the following estimation of voltage oscillation mode A; can
be obtained by solving Eq. 34. The frequency of the voltage
oscillation is 16.62 Hz.

A = —86.67 — j104.43 (rad./s.).

By combining the estimation of the oscillation mode and Eq. 33,
the dynamic index from each of the rest of the PMSGs to the chosen
voltage oscillation loop could be calculated, and the computational
results are shown in Table 1. From Table 1, it is evident that PMSG-
2, PMSG-3, and PMSG-4 provide the positive index, and PMSG-3
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provides the maximum positive index, but PMSG-5 provides the
negative index.

To validate the effectiveness of the calculation of the dynamic
index, each of the rest of the PMSGs is shed subsequently. The
results of the non-linear simulation carried out are shown in Figures
8,9. Att = Is, the reactive power of PMSG-1 decreases by 0.1 p.u. for
0.2's. Figures 8, 9 show dynamic responses of reactive power and
voltage of PMSG-1 with different PMSGs shed, respectively. The
system tends to be unstable after a small disturbance without PMSGs
shed. From the calculated voltage stability index in Table 1, the index
related to PMSG-5 is negative, which implies the troublemaker of
the oscillation. Hence, the dynamic index of different PMSGs can be
calculated, and the source of voltage oscillation can be identified
using the dynamic index.

4.2 Study case 2—impact of reactance of the
filtering reactor

PMSG-k is connected to the power system via the transmission
line, which is represented by the filtering reactor Xp. In study case 1,
Xy is 0.32. In order to evaluate the impact of the reactance of the
filtering reactor on the dynamic index, X is changed from 0.32 to
0.18 in study case 2. Figure 10 shows the variation curve of the
dynamic index of PMSG-5. It can be seen that decreasing Xz can
reduce the amplitude of the negative index supplied by PMSG-5.

Then, the computational results of the dynamic index are shown
in Table 2 after Xz is changed to 0.18. Comparing Tables 1, 2, the
dynamic index from PMSG-2, PMSG-3, and PMSG-4 is almost
constant, but the negative index supplied by PMSG-5 is reduced.

In order to study the impact of the decreasing negative index,
which is caused by the decreasing reactance to the voltage oscillation
loop of PMSG-1, a non-linear simulation is carried out, and the
dynamic responses of reactive power and voltage of PMSG-1 under
different conditions of filtering reactors are shown in Figure 11.

Furthermore, the control parameters of PMSG have been
appropriately adjusted, K, 3 is changed to 1 and Kj; is changed
to 200. Then, the computational results of the dynamic index are
shown in Table 3; it can also be seen that the negative index supplied
by PMSG-5 is decreased when Xys is changed from 0.305 to 0.18. The
results of the non-linear simulation carried out are shown in
Figure 12; at t = Is, the reactive power of PMSG-1 decreases by
0.1 p.u. for 0.2 s. The system tends to be more stable after a small
disturbance when Xj; is 0.18.

It is evident that decreasing the reactance of the line that
connects the source of oscillation to the external grid could
reduce the risk of voltage oscillations. The results in Figures
10-12 of the calculation of the
dynamic index.

confirm the correctness

4.3 Study case 3—impact of parameters of
the GSC vector control

From the derivation of the voltage oscillation loop shown in
Section 2, the parameters K3 and K;.; (parameters of part 3 in
Figure 4) of the selected PMSG may have an influence on the voltage
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oscillation loop of the selected PMSGs. The parameters of PMSG-1
in case study 1 are as follows: K, 3 = 0.1 and Ki-3 = 250.

To examine the influence of the parameters K,.; and K;_; on the
dynamic index, K,,_; is changed from 0.1 to 0.35 and K;_3 is changed
from 250 to 200 in case study 3. Figure 13 shows the variation curve
of the dynamic index of PMSG-5 when the parameters are
changing. There are 12 variation curves in Figure 13, the first
six curves represent the variation of the dynamic index of PMSG-5
when K,,_; is constant and K;.; is decreasing, while the last six
curves represent the variation of the dynamic index when K;_; is
constant and K, s is increasing under different conditions of Xys.
From Figure 13, it can be seen that the risk of voltage oscillations
can be reduced by decreasing K;; and increasing K,.;.
Furthermore, adjusting the parameter K, 3 and K;; could be
more flexible and effective at reducing the negative dynamic
index rather than decreasing Xs.

Table 4 shows the computational results of the dynamic index in
eight cases with different conditions of K}, 3, K;.3, X, and X5, where
H,, Hs, H;, and H; refer to the dynamic index of PMSG-2-PMSG-5,
respectively. From Table 3, only PMSG-5 provides the negative
index in cases 1-6 and cases 9-12, and the negative index is supplied
by PMSG-4 in cases 7 and 8.

To validate the correctness of the calculation of the dynamic
index, a non-linear simulation is carried out. Figures 14A-K shows
the dynamic responses of PMSG-1 under different cases presented
by Table 4, including the dynamic responses of reactive power and
voltage. The risk of oscillation increases when the negative index
supplied by the source of oscillation (i.e., PMSG-5) increases in cases
1-6 and cases 9-12. Moreover, the source of oscillation is PMSG-4 in
cases 7 and 8, and the system tends to be unstable, obviously after
disturbance in case 8, which has a larger negative index. Hence, the
correctness of the calculation is verified, and the dynamic voltage
stability index can be applied under different conditions.

5 Conclusion

This paper presents a dynamic voltage stability index based on
the voltage oscillation loop for a power system with multi-PMSGs,
and the correctness of the index is confirmed by the test system. The
primary contributions are listed as follows:

(1) The voltage oscillation loop existing in the PMSGs is derived
the of PMSGs.
Furthermore, the Q-V sensitivity matrix is used as
feedback to connect all the PMSGs, and then the model
applied to study voltage stability is obtained.

The dynamic interaction on voltage stability for the power
system integrated with multi-PMSGs could be quantified by
applying the dynamic index proposed in this paper. The

through merging dynamic model

2)

influence of the rest of each PMSG on the voltage
oscillation loop of the selected PMSG could be calculated,
and the source of voltage oscillation that provides the
maximum negative index could be identified.
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(3) The proposed dynamic voltage stability index is able to be
applied to direct the control parameters adjustment of
selected PMSG that
maintained under different conditions.

to ensure voltage stability is

The main drawback of this strategy is that it is based on the
model of wind power grid-connected systems to quantitatively
analyze the dynamic voltage stability among PMSGs. This method
is more suitable for offline analysis of the system and makes it
difficult to conduct real-time online quantitative analysis of the
voltage characteristics of wind power grid-connected systems.
Therefore, the authors will conduct research on online
quantitative analysis of the dynamic voltage stability of the
wind power grid-connected system based on measurement data

in the next step.
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