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Abstract—The impact of Virtual Synchronous Generator
(VSG) parameters on the transient performance of Solar Photo-
Voltaic (SPV) based system has been analyzed in this paper. In
addition, the variations in Kinetic Energy (KE) and Potential
Energy (PE) components of a Structure Preserving Energy
Function (SPEF) for the system under consideration have also
been analyzed for the same purpose. In order to do this, state
space model of the SPV system with VSG controller has been
developed. SPEF has then been derived with this model for a
SPV source connected to a Synchronous Generator (SG) by a
cable with the nonlinear load. In order to analyze the transient
behavior of the system under 3¢ bolted fault and induction motor
switching, a nonlinear Runge-Kutta 4" order method is used for
numerical simulation. Results from Real Time Digital Simulator
(RTDS) show that the variations in KE and PE of SPEF can aid
in assessing the transient behavior of SPV based system.

Index Terms—Solar PV, Virtual Synchronous Generator, En-
ergy Function, Transient performance.

I. INTRODUCTION

Integration of inverter interfaced SPV sources in the con-
ventional system has undesirable impact on system transient
stability as compared to a conventional generator [1]. In a
traditional generator, system transient stability is governed by
the sizable rotating mass of generators. The same is not true for
SPV sources. To enhance system inertia of SPV based systems
for improved transient stability, control methods like VSG [2],
synchronverter [3], etc. have been proposed in the literature.
Of these, VSG is more popular due to its easy implementation
[2].

It is thus evident that the assessment of system transient
stability of SPV based system with VSG is of paramount im-
portance. Majority of literature deal with the issue of stability
[4] and inertia contribution through VSG [2] for SPV based
systems. However, to the best of the authors’ knowledge, no
attempt has been made to analyze the impact of VSG param-
eters on the transient behavior of SPV source based system in
the presence of system disturbance using the energy function
concept. The benefit of doing so by the energy function method
is that it takes less time to give solution (degree of stability)
and also provides additional information to design predictive
control for the system [5]. Energy function has been often used
to assess the transient stability of conventional power system
[5]. However, to overcome the conservativeness of its results
and consideration of a simple generator model without its
control circuit, Structure Preserving Energy Function (SPEF)
of the system was first introduced in [6]. SPEF includes
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detail modeling of a generator with its control circuit and
also considers models of load and transmission system. Use
of SPEF for transient stability evaluation in the conventional
system can be seen in [7].

Thus, the major contributions of this paper are: first, to
analyze the impact of VSG parameters on the transient perfor-
mance of SPV based system in the event of disturbances with
variations in SPEF. Second, the detailed state space model
of SPV source with VSG is derived for this purpose. SPV
source is assumed to be delivering maximum power to Point
of Common Coupling (PCC), regardless of system condition.
Third, the derived state space model of VSG is used to obtain
SPEF for transient behavior analysis. For robust transient
performance analysis under 3¢ bolted fault and induction
motor switching, a nonlinear load, which is a combination
of 3¢ Induction Motor (IM) and ZIP load, is used.

II. STATE SPACE MODEL OF SPV SYSTEM

The focal point of the paper is to study the impact of
VSG parameters on the transient performance of SPV based
system during 3¢ bolted fault and nonlinear load switching.
Generally, a power source near the fault and load point (the
SPV source with VSG in fig. 1) is modeled in detail for tran-
sient stability analysis. Hence, detailed modeling of the VSG
controller based SPV source is proposed. For simplicity, SG is
modeled using classical model. This section first reviews the
overall system structure, which is used for transient stability
analysis and, then, mathematical modeling of each component
is discussed.
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Fig. 1: Single line diagram of simulated system

A. System Overview

The single line diagram of the simulated system is shown
in fig. 1. VSG based SPV source, and SG is supplying an IM
and a ZIP load. IEEE type 1 governor/ turbine and IEEE type
ST1 excitation system are used for SG to control active power
output and terminal voltage, respectively [8]. VSG controller



Proceedings of the National Power Systems Conference (NPSC) - 2018, December 14-16, NIT Tiruchirappalli, India

works for governor and excitation system action for SPV
source. The detailed control operation of VSG with associated
mathematical modeling is discussed next.

B. SPV based Source with VSG Controller [2]

The implementation structure of the SPV source is shown in
fig. 2. The energy storage unit is used primarily to imitate the
Kinetic Energy (KE) of the SG. During a disturbance, it aids
to store additional power supplied by SPV source. The inverter
and its associated filter unit act as an interface between SPV
source and PCC.
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Fig. 2: Basic SPV integration with PCC

The inverter switching signal is decided by the VSG con-
troller, which is shown in fig. 3. To mimic the SG char-
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Fig. 3: Basic VSG control Structure

acteristic, VSG block solves the swing equation using 4‘"
order Runga-Kutta method to decide the inverter power output.
The mechanical power reference to the VSG block, P, g4 is
calculated by the MPPT algorithm, i.e., Py, _qy = Pymppr.
The real and reactive power injected at PCC by SPV source
are given by

Eq., V1.
P, 4q = %gl sin(dqg — 01) (1)
EQ
Qe dg — ﬂ - MCOS((SdQ - 01) (2)
- Tdg Tdg

where, Fg, and 04y are inverter terminal voltage and as-
sociated phase angle, respectively. V7 and 6; are voltage
magnitude and associated phase at PCC. The x4, = xzy
is transfer reactance between SPV source and PCC. Eg,
is determined by reactive power control loop, which gives
Qref = Qo — kq(Vi — Vip) signal by taking V; as an input
to the @ — V drop control. () is the reactive power supplied
by SPV source at nominal voltage Vio and k, is the @ — V'
droop coefficient.

C. Proposed State Space Model of VSG Controller
Dynamics of real power loop for VSG block can be written
in the form of swing equation as

Sdg = Wdg (3)

Mdgwdg = 'm_dg — Pe_dg - Ddg (wdg - WO) 4

where, wqg is output frequency of VSG and wy is the nominal
system frequency. My, and Dy, are virtual inertia and damp-
ing coefficient of SPV source, respectively. On similar lines,
the dynamics of reactive control loop can be derived as

kid(
Edg = (QO - kq(vl - ‘/10) - Qe_dg) (kpdg + SJ) (5)

where, kj, and k;, are the PI parameters of the reactive
control loop. Since, SPV source is considered, the reactive
power support is zero, i.e. ()9 = 0. Dynamics of PCC voltage
is ignored i.e. Vi =0. Laplace inverse of (5) yields

Edg = _kpdg Qe_dg zdg (Vl VlO) - kidg Qe_dg (6)
From (2), Qe_dg can be written as
. 2F Odg — 01) -

vy = dgE V1 cos(dqgq 1)Edg
Tdg Tdg (7)

EdgV1 sin(édg — 91) .

+ ddg
Tdg

On substituting Sdg from (3) and Qe_dg from (7) in (6), the
dynamics of reactive control loop can be expressed as

. Visin(dq,—0 %1
ngEdg:—kawdﬁk i —Lcos(849—01)
o o (®)
ks Edg kldjk( VlO)
ldgxdg Edg
where, Ty, = (1 +k,, 224 — | ﬁCos(5 —01)) =
» Ldg Pdg x44 Pdg Lag dg 1)) Eay

D. SG Model [9]

Classical model of SG is considered for transient sta-
bility analysis. Hence, the quadrature axis voltage behind
the transient reactance, E;Sg is assumed constant and direct
axis and quadrature axis reactances are considered equal, i.e.
Td,, = %q,,- Dynamics of SG can be described by the
following swing equation

Ssg = Wsg (9)

Msgwsg - Pm_sg - Pe_sg - Dsg(wsg - WO) (10)

where, M,, and Dy, are the inertia and damping coefficient
of SG, respectively. d,4 is load angle of SG and w,, is SG
frequency. P,,_s4 and P, s, are the mechanical input and
electrical output of SG, respectively.

E. Nonlinear Load Model [9]

The nonlinear load in fig. 1 is a combination of a static ZIP
load and an IM. Hence, total real and reactive power loads are

Py = Pzrp+ Pry and Qp = Qzrp + Qrar, respectively.
The ZIP load model can be expressed as

Vs Vs
Pzrp=PF az(‘/QO) +a I(V )-HIP =fp(V2)
(11)
V5 V5
Qz1pr=Qo bz(vz) +b1(v220)+bp =fq(V2)

where, az, ay, ap are constant impedance, current and power
coefficients, respectively of real power load. by, by, bp are
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similar coefficients for reactive power load. Py and @y are
respective nominal values at nominal voltage Vag.

IM dynamics [10], considering both electrical and mechan-
ical transients can be written as

./

1 ’ ’ !
Edim:Tfi[Edim"F (Xim_Xim)IQim] +(wr,,,—wo) E(Iim (12a)

Oim
.y 1 , / /
E‘Iim:Té [Eqim—‘r(Xim_Xim)Idim}_(wrim_wO)Edim (12b)
. wo
Tim e 1T Te im*Tm im 12
iy =g (Te im=Ti i) (120

The standard notations defined in [10] are used in (12).
The real and reactive powers consumed by the IM can be
expressed as Pry; = 1.5 (Vyala,,, + Vyoly,,,) and Qry =
1.5 (Vyola,,, — Vazlg,..)-

F. Transmission Line and Transformer Model

The transmission line is modeled using lumped parameter
« representation and the transformer is replaced by its leakage
impedance i.e z;y = ¢y +jxs. Real and reactive power flows
in a line between bus ¢ and bus j are

Pij = V;V}(G” Ccos Hij + Bij sin 91‘3‘)

13
Qij = V;V}(G” sin Qij — Bij COS 0”) ( )

where, G;; and B;; are real and imaginary parts of (4,7)""
element of system admittance matrix. 8;; = 6; —6; and V; and
V; are the it" and j'" bus voltage magnitudes, respectively.

III. STRUCTURE PRESERVING ENERGY FUNCTION [9]

The objective of this section is to derive a SPEF for
the impact of VSG parameters on transient stability analysis
of the system in fig. 1. The assumptions, considered for
derivation of the energy function, are a) SG is replaced by
classical model, b) governor of SG does not respond during
fault period, ¢) for SPV source, insolation and temperature
remains unchanged during the transient period, d) post-fault
and pre-fault operating points are same. The derived SPEF
includes the load dynamics, the effect of VSG controller as
well as network dynamics. The energy function defined for
the system in fig. 1 is

WTOt((vaa E7 ‘/7 97 t) = WKET + WPE'T (14)

where, Wr,: is the total energy of the system and Wkg,.,
Wpg, are the total KE and total Potential Energy (PE),
respectively.

A. Total Kinetic Energy Wk g,

Usually, KE is associated with the rotating mass of the
machine. System in fig. 1 has two rotational masses i.e. SG
and IM. However, to improve the KE of the system, VSG
controller is used for SPV source, which introduces virtual
KE into the system. Therefore, Wik g, can be written as

Wier (W) =WkEg sg + WikE_dg + WkE_im (15)
where, Wip oy = KE associated with SG = M w2,

Wkpag = KE associated with DG = %Mdgwﬁg and

Wk 5_im = KE associated with IM = $M;,,w? S. Value of
Wk E_sg can be obtained by integrating left hand side of (10),
after multiplying with 559. By adopting similar procedure to
(4) and (12c), corresponding values of Wk 4y and Wik _im
can be obtained. S = 1, when CB1 is closed in fig. 1 and
S =0, when CB1 is opened. Energy associated with damping
is not considered here as it is not significant and appropriate
justification of not considering this is given in [11].

B. Total Potential Energy, Wpg,

PE of a system is sum of integrals of the accelerating
power associated with the power sources and sum of energy
associated with network element. PE of the SPV source, SG
and IM can be obtained by integrating right hand sides of
the (4), (10) and (12c), respectively. By integrating (11) and
(13), PE of nonlinear load and transmission network can be
obtained. More details can be seen in [9]. The total PE, Wpg,.
can be written as

Wpe, (0, E,V,0,t) =WpEg_sg + Wpe_ag + WrE_im
+Wpe_zip + Wpe_u
The PE associated with SG, i.e. Wpg_4, can be stated as

WPE_sg - WPE_sgl (5) + WPE_sgg (67 E7 ‘/7 9) (17)

(16)

where, Wpg o9, = PE due to Pp,_sg = —Ppy_sg(dsg — sg0)
and Wpg 54, = PE due to xs,. Appropriate expression of
WpE_sg, can be seen in [9]. The PE associated with DG,
i.e. WpEg_q4 can be expressed as

WeE_ a@=WrE_dg(0)+WpE_agl0.EV.0)+WpE_ag{ E) (18)

where,

WPE_ngZPE due to Pm_dg:—Pm_dg(ddg—édgo) (19a)
WpE_dg,=PE due to x4
1
:E[(Egg—i—Vf—2EdgV1cos((5dg—01))
g
—(EZ,0+ViH—2Eag0V10c0s(8ago—b10))] (19b)

WpE_dg,=PE due to Ey,
= [—kpdgks1sin(5dg—91)wdg+kidgkslcos(6dg—01)—
ks2Ejy+kssin(Eqg)| — [~ kp,,ks105n(8ago—010)wdg
—&-kidgkslcos(édg—ﬁl)—kngd29—|—k531n(Edgo)} (19¢)

ki
and ky = QB0 o — Zdo foo Kiy kq(Vi—Vio), ks10 =

Tdg ¢ Tdg
YioP4s0 The PE associated with ZIP load, i.e. Wpg_z1p is
; :

Wpe_zrp = Wpe_zips(t) + Wpe_zrp, (V) (20)

Where, WPE_ZIPP = PE due tOPZ]p = fti] fp(‘/Q) (%) dt

Vi
and WPE_ZIPQ = PE due tOQZIP = szzo fq(‘/g) (% .
On similar lines, PE due to IM [11] can be written as

Simla; ;1

it dim

2L

6“"01di7n[)[‘1i7n0

1 1_.
Wpe_1v= (Tm_inéim"EX imld, ,#EX i qm)

while the same for transmission line and transformer are

Wreetn = WpE_tiy, + WpPE_ti (22)
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where,

WPE_”BZPE due to Bij

1 n n
:—izz.Bij(V;V}'COS(QZ']'—V;()V}()COSHZ'J'())
i=1j=1
WpE_u.,=PE due to G;;(Path dependent)

Ziisz/‘/;‘/;81n91]d(91+6‘j)

i=1j=1

C. Significance of Variations in SPEF

It can be seen from (15), (18) and (19¢) that VSG param-
eters, i.e. virtual inertia Mg, reactive power loop parameters
ki,, and kp, (and virtual active power damping coefficient
Dgqy when considered) have direct impact on KE and PE
functions. Conventionally, the impact of the control circuit
parameters of a generator has not been considered in the
energy function evaluations [9]. However, here, this has been
considered and is one of the contributions of this paper. Also,
it is to be noted that the transient behavior of a system
during a disturbance can be analyzed by observing variations
in the system states’. However, the reliability of such an
analysis depends on which state is being observed. On the
other hand, variation in the total KE and/ or PE of a system
during a disturbance can directly aid in analyzing the system’s
transient behavior as a large variation in KE and PE implies
the system is prone to instability if the disturbance is allowed
to persist. Also, if the time taken for KE or PE to settle at post-
disturbance value is large, then it indicates that the system has
less damping. SPEF thus provides an accurate energy profile
considering the effect of all system components along with
the control parameters of VSG.

IV. SIMULATION RESULTS

System data for the considered system in fig. 1 is given
in table I. A 1km long, 70mm? three core XLPE insulated
cable is used as the transmission line (associated parameters
are in [12]). At steady state, SPV power output at PCC is
375kW. SG accounts for the mismatch power. For SPEF
evaluations, bus voltage phasors obtained by simulating the
system in RTDS. The measured bus voltages for a specific
test scenario are used in numerical simulations. Runge-Kutta
4" order method is used to solve the differential equations for
numerical simulation. To obtain the initial conditions, Newton-
Raphson power flow is solved. The transient behavior of the
system is analyzed under the following conditions.

A. Case 1: 3¢ Bolted Fault

A 3¢ bolted fault at bus 1 is simulated at 2s for 2 cycles,
i.e. 40ms. Also, as can be seen from (15), Mg, has the
direct impact on system’s KE, and, hence, the effect of any
change in KE is quite straightforward (higher is My, large
is system’s KE and thus improved system inertia) and has
not been discussed further. What is rather interesting to see is
the effect of change in k;, , kp, and Dy, on SPEF. Table II

tdg? Vpdg

TABLE I: Data for System in fig. 1

SG
Parameter Values Parameter Values
Vi_sg 6.6kV S_sg 1MV A
Poy_sqg 1.0pu wo 314.159rad/s
Hsq 2.775s X4 1.90pu
X 0.314pu X 0.280pu
Xq=X, | 0.770pu X, 0.375pu
/ 0.0348s T, 0.0.0346s
SPV Filter details
Eqq 0.415kV Ty 0.005Q2
PyppT 0.375MW Ly 0.4mH
Jo 56.3kgm? Cs 300uF
Do 17pu Transformer
Opcc 0 Turns 415V /6.6kV
Vi_pee 6.6kV Tof 0.1pu
DC side Load
Vbe 0.85kV P 0.4MW
Cpc 5mF Qo 0.2MV AR

TABLE II: Test Conditions

Scenario | Dgg(pu) | k; g kp g
0.17
S1 1.7 20 0.025
17
10
S2 17 20 0.025
50
0.05
S3 17 20 0.025
0.0025
—— Dy, = 0.17Tpu —— Dy, = 1.7pu Dy, = 1Tpu
1 1.4
- wm _
§ 0.9 \“‘ “lAA'A""v""l"'l'l'n'A"‘ g 1.2
e E .
0.7 0.8
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
(a) (b)
1.004
1.5
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é 1 ! nAAAAAIAA""'I'A'A‘A'A'A' 3‘; 1
3 Nw"”"‘ < 05
0.998 1.008 ;
TS 0 15 20 099 06
Time (scc) wuq () g (rad)
(¢) (d)
Fig. 4: SPV states in Case 1 (S1) (a) dqq (b) Eqgg (c) wag (d)
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Fig. 5: PE of VSG based SPV in Case 1 (S1)
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—— Dy, = 0.17pu =—— Dy, = 1.Tpu. Dy, = 17pu.
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Time(sec)
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Time(sec)
(b)

Fig. 6: (a) Total KE (b) Total energy of system in Case 1 (S1)

shows the various test scenarios in which the system’s transient
behavior is analyzed.

Dg4 has not been explicitly considered in SPEF. However,
it has direct impact on damping out the virtual rotor angle
oscillation .44, which improves the transient stability boundary
[13]. To observe the impact of Dy, system is tested in S1 for
the stated 3¢ bolted fault. Associated variations are shown in
Figs. 4-6. As Dy, increases, the states of VSG based SPV
reach the pre-fault operating point quickly after the 3¢ fault
as in fig. 4. Fig. 5 shows that the oscillation in PE is higher
for lower values of Dg,. Fig. 6 shows that KE oscillations die
out quickly as Dg, increases.

— ki, = 10 — Ky, = 20—k, = 50

g

0.95 1.5
09 =
6= )
& | |1 |1 SR
Eossf ’\" 3 }
5 =
0.8
0.75 0.5
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Time (sec) Time (sec)
(2) ()
1.004
1.5
= 1.002 3 =
& S
= 5
3 K
3 . AR SR
1 \)”' 05
1.005
1 1
0.98 0895 06
0 5 10 15 20, gy O : Sag(rad)

Time (sec)
(c)

(d)
Fig. 7: SPV states in Case 1 (S2). (a) 44 (b) Eqq () w4y (d)
state plane

Any change in k;,, and k,, affects the virtual inverter
terminal voltage Egq, ‘which in a way affects the VSG states.
In 82, by decreasing k;,, while keeping kj,, constant, VSG
based SPV states achieve their corresponding steady state
operating values quickly as shown in fig. 7. The associated
KE and total energy variations due to different k;, values are
shown in fig. 8.

Tdg

In S3, an increase in k,, leads to slower variation in VSG
based SPV states with more settling time to reach the pre-fault
operating values as shown in fig. 9. Associated variation in PE
due to different k,,, values are shown in fig. 10. A similar

inference can be drawn about PE for different k,,, values.
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;
P

2 325
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5324
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Fig. 8: (a) Total KE (b) Total energy of system in Case 1 (S2)
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Fig. 9: SPV states in Case 1 (S3). (a) 6ay (b) Eqq (¢) way (d)
state plane

B. Case 2: Induction Motor Switching

The event of IM switching has been studied for all scenarios
in table II. However, due to limitation of space, S1 with
Dy, = 17pu has been discussed here. Initially, CB1 in fig.
1 is OFF. SPV and SG feed power to ZIP load in steady state.
At 2s, 3¢ IM (parameters in [14]) is switched ON by closing
CB1. IM operates in lock free mode. Due to IM switching, a
large transient is experienced in the system. Pre-equilibrium
point of the VSG states, i.e. 4y and Ey, change due to
IM switching. However, the power injected to PCC remains
unchanged by SPV source. This is because the system voltage
level decreases, and hence VSG adjusts its states, and thus,
operates at new equilibrium point, which is shown in fig. 11a.

Similarly, to balance the real power, SG provides the

—ky,, =0.05
—ky, = 0.025
ky,, = 0.0025

—ky, = 0.05
Ky, = 0.025
Ky, = 0.0025

We_ip, (pu)

Wpk_ig, (pu)

£ e Fp, = 0.05
—ky,, = 0.025
= 0.0025

Time(sec)

(b) PE due to Me- (c) PE due to Egy,
chanical Power

Fig. 10: PE of VSG based SPV in Case 1 (S3)

" Time(sec) :

(a) PE due to Elec-
trical Power
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(a) State plane of VSG based
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Fig. 11: State plane of sources in Case 2

mismatch power. Therefore, the SG states i.e. dsq and wgq
also change, which after oscillations settle at new steady state
values as in fig. 11b. The associated variations in PE and KE
during IM switching are shown in figs. 12-13. It has been
observed from these variations that a higher Dy, with lower

ki, and kp, parameters in VSG lead to improved transient
g 9
behavior.
g 2 B o
£ 0 w,. 5 0
N &
B 20 B -0.1
0 10 20 30 0 10 20 30
Time(sec) Time(sec)
— 3 —
24 x10 5.: 0.1
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Fig. 12: PE in Case 2
60 -
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=
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= s0r 8
20 | ‘ ‘ | |
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Time(sec)
Fig. 13: Total KE in Case 2
V. CONCLUSION

In this paper, the impact of the change in VSG parameters
on transient stability of an SPV based system has been
analyzed through the novel use of a SPEF. To this end, a
state space model of the SPV source with VSG controller is
derived. Using the derived model, an energy candidate function
in SPEF is developed considering the VSG control parameters.
By including the energy function of the VSG controller with
the energy function of other system components, the energy
profile of the overall system is analyzed. The major advantage

of this analysis is that it includes the control parameters of
the VSG controller, which further helps to study the proper
energy profile of the system during the transient period in the
event of a disturbance. Simulation results from RTDS suggest
that by choosing adequate control parameters of the VSG
controller, stability of the system can be enhanced. During
IM switching, reactive power consumption leads to change in
the stable operating point of SPV source DG with the power
injection of SPV source to PCC remaining unchanged. The
proper energy profile obtained from the analysis may further
aid in finding accurate stability margin and critical clearing
time of the system in the event of a disturbance.
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