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DINGRUI LI

ABSTRACT Power electronics converters can be applied as emulators to mimic different grid components
used for system behavior analyses and control validation. Synchronous generators (SGs) are the major
sources of electric grids. Converter-based SG emulators have been developed for system stability analysis,
fault analysis, and frequency support. However, existing SG emulators have not considered the impacts
of load unbalance, which is a common phenomenon in distribution grids and will lead to system-level
issues. In this article, a SG emulator considering an actual SG’s negative sequence (NS) performance is
developed for system analyses under unbalanced load conditions. With different simplifications, a SG can
have different orders of electrical models. By deriving the NS performances of different SG electrical models,
an appropriate SG electrical model in unbalanced load conditions is selected. Then a novel control diagram
is proposed to ensure that the NS performances of the selected model can be fully realized. The derived
NS models and the proposed control diagram are verified through simulation first and then validated with a

converter-based hardware testbed.

INDEX TERMS Control design, converter-emulated generator, modeling, unbalanced load.

I. INTRODUCTION

Power electronic converters have been applied to emulate
certain grid components, such as load [1] and energy stor-
age systems [2], by mimicking their electrical characteristics.
Converter-based emulators are developed for system-level
hardware simulation and control algorithm validation, which
have better flexibility and reconfigurability compared with
real grid components [3], [4], [5]. An example of such em-
ulators is shown in Fig. 1, containing a component model for
reference generation and a control loop to realize the refer-
ences [6].

In power grids, due to the frequency support capability,
high fault current rating, and reliability, synchronous gener-
ators (SGs) are widely adopted as sources to establish system
voltage and frequency [7], [8]. In the existing literature,
SG emulators have been proposed for stability analyses [9]
and fault analyses [10]. Furthermore, converter-emulated SGs
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FIGURE 1. Control diagram of a converter emulator.

have also been applied in real grids to provide frequency
support [11].

However, the impacts of unbalanced loads have not been
fully considered in the existing SG emulators. In distribution-
level grids like microgrids, load unbalance is common. The
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unbalanced load current flowing into SGs will result in volt-
age unbalance of SGs, affecting the voltage quality of the
whole grid [12], [13]. In the distribution grids formed by
grid-forming inverters and SGs simultaneously [14], [15], un-
balanced loads will lead to more issues, one of which is the
inaccurate unbalanced power sharing among SGs and IBRs
[16].

To investigate all the potential system-level issues from the
unbalanced load, an SG emulator considering unbalanced per-
formances, specifically negative sequence (NS) performances
of an actual generator, is needed. The SG emulator requires
an appropriate SG model, which usually consists of an ex-
citation model, a mechanical model for frequency response
characteristics, and an electrical model for electromagnetic
performances [10]. The actual NS characteristics of a SG are
related to its sub-transient reactance and resistance of stator
and rotor [17], which are represented by the electrical model.
With different simplifications, SG’s electrical model can be
from second order (2nd-order) to ninth order (9th-order) [18].

Different electrical models have been implemented on
power converters [9], [11], [19], [20], [21], [22], [23], [24],
[25], [26]. However, the NS characteristics of SGs, have not
been fully considered in the existing implementations. In
the literature 2nd-order, fourth-order (4th-order), and sixth-
order (6th-order) models are commonly implemented, where
the 2nd-order model is the most applied converter-emulated
generators [19], [20], [21], [22], [23], [24]. This is because
converter-emulated generators are usually developed for fre-
quency support, which focuses on the mechanical model
implementation, and the simplest electrical model is used to
reduce the implementation complexity. The 4th-order model
contains transient performances of SGs. Refs. [9], [25] realize
converter-emulated generators with the 4th-order model for
the stability analysis. Besides the transient performances, the
6th-order model also describes the sub-transient performance
of the SG, which can be used for fault analysis in [11], [26].
The NS performances of these models have not been clearly
explained. This lack of clarity implies that there may be po-
tential issues if these converter-emulated SGs are deployed as
sources in an unbalanced system.

Moreover, some converter-emulated SGs directly control
the NS voltage/current of the emulator [27], [28], [29]. Ref.
[27] regulates the NS current of the converter-emulated gen-
erator to zero to achieve balanced current output. Ref. [28]
compares three different NS voltage regulation strategies. Ref.
[29] regulates the NS current to limit the peak current of a
converter-emulated generator. However, the NS control tar-
gets of these emulators are different from the actual SG’s NS
performance and these models do not consider the electro-
magnetic characteristics of actual SGs.

Apart from the SG model, the control loop can also im-
pact the emulation performance. Existing converter-emulated
generators usually realize the control target in dg coordinates
with proportional-integral (PI) controllers. Nevertheless, if
the positive and negative sequences are not decoupled, the
NS components will be transformed into 2nd-order frequency
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FIGURE 2. NS model of a SG.

components [30]. The regulation of the PI controller cannot
achieve zero static error on double-line frequency compo-
nents. As a result, the control loop may also impact the NS
emulation accuracy.

To solve all the aforementioned issues, this article first
provides detailed theoretical NS model derivations of different
SG models to select the appropriate one that can represent the
NS characteristic of an SG. With the appropriate SG model,
a sequence-decoupled control loop is proposed to compensate
for the control loop impacts on the NS performance emulation
and keep the positive sequence (PS) performance emulation of
the SG. The contribution of this article can be summarized as
follows:

e Derivation of the NS performances for commonly ap-

plied SG models.

e Selection of the appropriate SG model for the SG emu-

lator in unbalanced load conditions.

® Proposition of a reference-decoupled control diagram to

realize the NS performance emulation of the SG.

The rest of the article is organized as follows: Section II de-
rives NS models of different SG models; Section III proposes
the control loops for the SG emulator; simulation verifications
are covered in Section IV; experimental demonstrations are
provided in Section V; Section VI draws the conclusion.

Il. NS PERFORMANCE DERIVATIONS OF SG MODELS

In this section, the steady-state NS model of the actual SG is
introduced first to serve as the baseline. Then the NS perfor-
mances of four typical SG models are derived to select the
appropriate one for unbalanced load conditions. Note that the
SG is usually three-wire, so the zero-sequence performance of
the SG is not discussed in this article.

A. NS MODEL OF SG

From [17], the NS model of a SG is shown in Fig. 2, where
the impedance can be written as:

5 )]

Zo=Ry+j (M)
where X(; and X(; are the sub-transient reactance of the gen-
erator; R, is the stator resistance. According to (1), the NS
model of the SG can be viewed as a resistor in series with an
inductor. According to [17], the reactance of the SG is usually
much larger than the resistance. The impacts of the resistance

part are usually small.
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TABLE 1. Four Typical SG Models
2"_order model [24] 4" order model [9] 6"-order model [11] Updated 6"-order model [31]
Vil =B — Ry +jX)a | Vi = Ey+ X1, — Ry 1y VI = B+ X} Iy — Ry Iy v = dd—’”td — Py — Ry 1y
ref _ _ ref _ 1 ’ ref _ pn "
V7 = B — (R, + X, |V, Eq—XdId—Ralq VIS = Ef = X{ Iy~ Ral, =, R, I,
L Y oy  dEg _ _ Xq=Xg qu "
TQO ddkf =-E;+ (X Xq) Iq q0 "¢ Xo=xy Eq+ Xt XHE T(;O d:;:d ?]z ic,l, Ej + ;(:1 )’(";z, E}
Tho—t=—Ej— (Xg—X) I +e o dEg dea: 4 Xa=Xa B
do 5, (Xa @) la ra|  Tgo @ = Xy Eg+ X x”E‘I +epq Tg,maEq _ _Xa X?,E’ X=X} E”+efd
" dEd " r " @ X X X X
Too 8 = By — B + (Xg — X)) g Tt =y g+ (- X
uqu_ L _ eyl oy
a0 ae = B = B = Ca =X Taz)df;‘ =By =By = (K =X o
Yq = m—r —lalg
Y = _w_dr = Iqlq

B. NS PERFORMANCE DERIVATIONS

Four different SG models are summarized in Table 1, which
are the 2nd-order model, 4th-order model, 6th-order model,
and updated 6th-order model. Vdref and Vqref are the voltage
references for the control loop. R, and L, are the virtual
impedance parameters. The parameter definitions of gener-
ator models can be found in [6] and [26]. The 2nd-order
model can be viewed as a virtual impedance. The 4th-order
model includes the transient characteristics. The conventional
6th-order model describes the sub-transient characteristics.
Compared with the conventional 6th-order model, the updated
6th-order model in [31] considers the derivation terms of the
flux linkage.

According to (1), the actual NS model of SG contains
the sub-transient reactance. Therefore, the detailed NS char-
acteristic derivation will focus on the 6th-order model and
updated 6th-order model. Note that since the 2nd-order and
4th-order models do not contain sub-transient reactance terms,
they should not be considered as the potential models to rep-
resent the actual SG’s NS performance. However, obtaining
their NS performances is still necessary because 2nd-order
and 4th-order models are commonly applied in existing
converter-emulated SGs that may be adopted in real grids with
unbalanced load conditions.

The 6th-order model and updated 6th-order model are both
in dq coordinates. The transformation matrix is:

_— 2| coswr  cos (wtf — ZT”) cos (wr + ZT”)
73 —sinwt —sin (wt - 2?”) —sin(a)t 4 2?”)

2
The converter-emulated generator’s output voltage and Cl(lr?
rent with NS components can be written as:
v, = Vi cos (wt + 6y1) + Vo cos (wt + 6y2)
vp = Vi cos (ot + 0y — Z) + Vacos (wt + 0,2 + ZF)
) + Vacos (ot + 6y — —)
3)

ve = Vi cos (o1 + 6,1 + 27”

iy =11 cos (wt + 0;1) + I cos (wt + 6n)
i, = I cos (wt +6;1 — 2—”) + 1> cos (a)t + 0 + 2—”) 4)
ic = Iy cos (wf + 6;1 + 2”) + I cos (wt + 0;p — —)
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where V1, I1, V3, I are the amplitudes of PS and NS voltages
and currents. 0,1, 0;1, 6,2, Oj» are the phase angles of PS and
NS voltages and currents. After the dg transformation, the
voltage and current can be expressed as:

Vi =Vicosby1 + Vo cos Qwt + 6y2) )
Vy = Visinfy1 — V2 sin Qot + 6,2)

1; = I cos 6;1 + I, cos Qwt + 6;) ©)
I, = Iy sin0;1 — I sin Qwt + 60;2)

where V;, V,, I; I, are the voltage and current in dg co-
ordinates, and the NS components will become double-line
frequency. According to the model in Table 1, the output cur-
rent will generate the output voltage references. In the steady
state, the relationships between voltage references and output
currents in positive and negative sequences can be derived
separately for the model selection.

1) CONVENTIONAL 6TH-ORDER MODEL
For the 6th-order model, after the Laplace transformation, the
model can be written as

Vi (5) = B () + X, Iy (s) = Ra Ig ()

V (s) = E, () — X, 1q () — Ra Iy (5)

(T’Os n A) E} (s) = BE, (s) :

(Tjys +C) E, (s) = DE, (5) + €74 (s) ™

( s + 1) Ej(s) = E} (s) + (X, — X)) I, (5)

( s+ 1)E; (5) = E} (s) — (X = X;) I (s)
WhereA—Xq =X, B= X" X, C= X" X, D= Xd X

Xq_X‘;/ E) X X// 9 X X// 9 X X// 7

and efq(s) = 4 i the output of the excitor model. After the

Laplace transformatlon the currents in dq coordinates are:
COS 9,‘25 _ 2 sin 9,'2(4)

s24+-4w? s2+dw? )
sinfjps

2 cosbpw
s2+4w?

s24+4w?
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To obtain the models of positive and negative sequences,
the derivations of positive and negative sequences are con-
ducted separately. For the PS model, after simplification,

’ " /
Xg—%, )(TqOH_A) I sin6;;

F O s ) 5)
" —(X =X, )(T}s+C) L1 cosfiy era(s)
Ej ()= ((Tdos‘—ll-l)(dTodOS+C) D) * ((Tsos+1) (Tjs+0)-D)
)

where EL/I/1 (t) and E;l (t) is the PS components in E;(t) and
E; (). After the inverse Laplace transformation, the exponent

terms in E;l(t) and E;I (t) will approach zero in the steady
state. The model can be simplified to

E), (t) = I sin (Xq — Xq>
" , (10)
qu (t) = — (1 cosB;1) (Xd _Xa’) +efq

According to (10) and the model in Table 1, the steady-state
PS model matches the theoretical SG PS model in [17]. The
detailed derivations are summarized in Appendix I.

For the NS model, similarly, E;Z (s) and E;z (s) are:

Eu (s) = (X’ -X )(T’0A+A) b (2coséi2w + sin fjps )
d2 ((qus +1) (qus N A)_ ) s2+-4a? 2 +4w?
£ (s) = (X, =X, )(T}y5+C) A ( cosfps _ 2sin GiZw)
72 ((105+1) (Tggs+C)—p) = \5iHde? - srdo?
(11)

After the inverse Laplace transformation, E(;z (t) and E;Z(t)
are very small in the NS model. It is omitted for the model
derivation. The detailed derivations and impact analyses of
E;z(t) and E(;/2(t) are also summarized in Appendix I. Com-
bining with (6) and the model in Table 1, the NS model
becomes:

Vis) = —X, L sin Qot + 6;2) — Raly cos Qut + 62)
Vqrzef = —X(;/ b cos Qwt + 6;) + Ryl sin Qot + ;)

(12)
After inverse dq transformation, the NS voltage drops on
. " n .
the sub-transient reactance (X, and Xq) and stator resistance
of the in abc coordinates can be obtained:

Vil = Vasin Gt + 6n) + Vy'sin (of + 6;2)
vZ;f(X) = Vysin (3wt + 60;1 — —) + V,lsin (wf + 6 + 2 )

A V sin (3a)t +6; + 2”) + V1511’l (a)t + 6 — —)

Vea(x)
(X// . X//) (X// + X//)
d q d q
V5= h~———>, vy = —h——0—=  (13)
;;{R) —R,Icos (wt + 6;)
v;;f(R) = —R,Icos (a)t + 6 + 2—”) (14)

:;{R) = —Rglpcos (wt + 0 — —)

where the third-order components in (14) will only result in
harmonic currents in four-wire inverters. In this article, only
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the fundamental frequency part will be focused on. Since
—sin(wt + 6;p) = cos(wt + O + %), only consider the fun-
damental frequency part, (14) can be written as

Z{X) b wcos (wt + 6+ %)
v,;;f(x) =5 wha )cos (0t + 6 + T 1) (15)
X”+X//
ZZ{X) L wcos (wf +6p — & + 1)

With the voltage and current direction in Fig. 2, the NS
model of the 6th-order model is:

X// + X//
. d
Z26[h:Ra_] <—2 q)

Therefore, although the conventional 6th-order model con-
siders the sub-transient reactance, the NS model can be
viewed as a resistor in series with a capacitor, which is dif-
ferent from the actual SG model.

(16)

2) UPDATED 6TH-ORDER MODEL

For the updated 6th-order model, a similar derivation process
can be applied. The sub-transient voltages E[/l/z(t) and E;Z(t)
are omitted in the NS model derivation because they are very
small after the inverse Laplace transformation. Their impacts
are also analyzed in Appendix I. Compared with the conven-
tional 6th-order model, the differential terms of flux linkages
are considered. For the PS model, since the PS current in dg
coordinates are dc components, the PS model is the same as
the model in (10). For the NS model, according to (6), the
model can be written as

Vref

{Vd’g{;{p) = X! b sin 2wt + 0;2) — Ral cos 2wt + 6;)
q2(up

)= X(; I cos Qwt + 0p) + R,b sin Qwt + 6;)

X;=2X, -X,, X, =2X, — X, (17)

Therefore, after inverse dq transformation, only considering
the fundamental frequency components, output voltage refer-
ences generated by the resistance part will be the same as (14),
and the reactance (X; and X;) part in abc coordinates will be:

(X +X'>

ref

Uiy = —h——s—>cos (wr + 6 + %)
X, +X
vlréf(x) = —Iz( 5 )cos (0t +0p+Z + %) (18)
X//+X//
US{X) = —Izwcos (0t + 6 — 2?” +3)
The NS model of the updated 6th-order model is:
X’/ + X//
d
Zlup) = Ra+j (—2 2 ) (19)

Therefore, the NS model (17) can match the actual SG NS
model in (1).
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FIGURE 3. Proposed control diagram for SG emulator considering unbalanced load support.

TABLE 2. NS Models of Four Typical SG Models

SG Model NS MODELS
2"_order model R, — jX,
4™_order model [(Xa+ X,

Ry —j —

6"-order model (Xi+ Xy

Ry =] —

Updated 6"-order (Xi+ Xy
model Ro+] 2

3) OTHER SG MODELS

Using a similar derivation approach, the NS models for the
2nd-order and 4th-order SG models can also be obtained,
which are summarized in Table 2. From the derivation results,
the NS models of 2nd-order and 4th-order models can be
both viewed as a resistor in series with a capacitor. Therefore,
to realize the SG NS characteristic emulation, the updated
6th-order model should be used.

11l. PROPOSED CONTROL DIAGRAMS FOR THE SG
EMULATOR

In the literature, the dual-loop control in dg coordinates has
been widely applied in SG emulation [11]. PI controllers are
applied to regulate the output voltage/current to follow the
references. However, according to (5), (6), and (17), both the
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NS references and NS components in the feedback will be-
come double-line frequency components. A PI controller only
has an infinite gain at dc components. When they are applied
for the regulation of double-line frequency components, static
errors will occur to affect the emulation accuracy.

To achieve accurate PS and NS characteristic emulation,
the updated 6th-order model should be realized by the control
loop with no static error. Therefore, the emulation control loop
is proposed in Fig. 3. In the control diagram, the updated SG
model is integrated. The excitation and mechanical models
can be found in [9], which contains the turbine emulation,
governor emulation, and inertia emulation. The excitation
model will generate the field winding voltage ef;. The me-
chanical model will generate frequency references.

Meanwhile, based on the model derivation, the output of
the electrical model is composed of dc components for PS
voltage references and double-line frequency components for
NS voltage references. In the proposed diagram, the generated
voltage references conduct an inverse dg transformation to
abc coordinates. The voltage references in abc coordinates
will contain PS and NS components. The voltage references
are decomposed into positive and negative sequences in «f
coordinates and then transformed into PS and NS dg co-
ordinates. After the decomposition and transformation, the
PS and NS components will all become dc components in
corresponding dg coordinates. The detailed sequence decom-
position approach can be found in [32].

The measured voltage and current will also be decom-
posed and transformed into PS and NS dg coordinates. The

VOLUME 4, 2023
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FIGURE 4. Simulation setup.

TABLE 3. Simulation Parameters

Parameter values
Ve =480V, Sppse =1 MW, V. =850V,
Pjgaq = 150 kW, Pl’fzad = Plaa = 1 kW

Parameter types

System setup

Converter L =2.445uH ,C4. = 3.5mF
parameters
Control kpy = 1.8, ky,, = 288, k,,; = 0.267,k; = 15.47
parameters fs =10 kHz
Xq = 1.8 (pu), X, = 1.7 (pu), R, = 0.0025 (pu)
Generator X; =03 (pw),X; = 0.55 (pu)

electrical model X7 =025 (puw), X‘;’ =0.25 (pu)
Tjo=85,Ty =045
Ty =0.035,T;o=0.055

R, = 0.1 (pu), X, = 0.3(pu)

2_model
impedance

dual-loop control is conducted for both positive and negative
sequences with PI controllers. Compared with the conven-
tional control loops, the proposed control loop will not affect
the SG model to keep the PS emulation accuracy. Meanwhile
it will not have static error for both PS and NS regulation so
that better emulation performance can be achieved.

IV. SIMULATION VERIFICATION

In the simulation, the control loop impacts are verified first.
Then derived NS performances of different SG models are
also verified. Simulation is conducted on the system setup
in Fig. 4, where an inverter is applied to emulate a SG. The
inverter is three-wire, and the neutral line is provided by
the grounding transformer. The detailed system parameters
are shown in Table 3. In the simulation, the location of
the voltage and current measurements is the emulator out-
put (right side of filter inductor and left side of grounding
transformer). The measured current only contains PS and NS
components.

A. CONTROL LOOP IMPACTS

To verify the control loop impacts, two simulation cases are
conducted. First, the SG emulator uses the updated 6th-order
model and a typical control loop, which is a dual-loop control
with an outer voltage loop and an inner current loop [31]. The
terminal voltage and current of the SG emulator are shown in
Fig. 5(a) and the measured NS impedance (normalized value)
is shown in Fig. 5(b). The magnitude of the NS impedance is
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FIGURE 5. Simulation results of the VSG with updated 6th-order model
and dual-loop dq control: (a) voltage and current waveforms; (b) NS
impedance measurement.
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FIGURE 6. Simulation results of the VSG with updated 6th-order model
and proposed control loop: (a) voltage and current waveforms; (b) NS
impedance measurement.

measured by the NS voltage magnitude over the measured NS
current magnitude. The phase angle of the NS impedance is
measured by the NS voltage angle subtracting the measured
NS current angle. In the second case, the SG emulator imple-
ments the proposed control loop, and simulation results are
shown in Fig. 6.

The results in Fig. 6 can match the theoretical NS
impedance of the SG in (1). However, according to Fig. 5, the
measured impedance is different from the theoretical values
in both magnitude and phase angle, meaning that the control
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FIGURE 8. Experiment setup: (a) testing circuit diagram; (b) hardware
setup.

loop in [31] will affect both the magnitude and phase angle
of the SG emulator’s NS impedance. Therefore, the proposed
control loop should be applied for the SG emulation.

B. MODEL VERIFICATIONS
In this section, all the derived models are verified through
simulations. In order to avoid the impacts of the control loop,
the proposed control loop is applied to all the SG emulators in
the testing. The voltage references generated by the 2nd-order,
4th-order, and 6th-order models in dg coordinates will be
transformed into abc coordinates first. Then the references
will be decomposed into PS dg coordinates, and NS dg co-
ordinates.

Simulation results of the 6th-order, 4th-order, and 2nd-
order models are shown in Fig. 7(a), (b), and (c), respectively.
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FIGURE 9. Impedance measurement of different SG models: (a) resistance
part; (b) reactance part.

All the measured NS impedances are summarized in Table 4.
The NS impedance’s phase angles of 6th-order, 4th-order,
and 2nd-order models are close to —90°, meaning that the
NS impedance for these models is a resistor in series with a
capacitor and the capacitance values can well match the
derivations. Therefore, the simulation results verify the deriva-
tions for all the models. From Table 4, only the updated
6th-order model can match the theoretical analyses, which
should be used in the NS emulation of SGs.
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FIGURE 10. Testing results of the different SG models: (a) updated 6th-order
dual-loop control; (c) conventional 6th-order model; (d) 4th-order model; (e)

TABLE 4. Measured NS Impedances in Simulation

(e)

model with proposed control loop; (b) updated 6th-order model with
2nd-order model.

TABLE 5. Testing Setup Parameters

SG Model
2"_order model with proposed control loop (pu)

NS IMPEDANCES
0.0941 — j0.3011

—0.0223 —j0.4246

4" order model with proposed control loop (pu)

6™M-order model with proposed control loop (pu) —0.003 —j0.2534

0.0284 + j0.2494

Updated 6™-order model with proposed control
loop (pu)
Updated 6™-order model with conventional
control loop (pu)

0.3905 + j0.1406

Theoretical generator NS impedance (pu) 0.0025 + j0.25

V. EXPERIMENTAL DEMONSTRATIONS

A. SYSTEM SETUP

The derivation results and proposed control loop are demon-
strated on a converter-based hardware testbed (HTB), where
power converters are applied to emulate the generator and
unbalanced loads. The inverter hardware is the VACON drive,
which is a three-phase, two-level inverter. The oscilloscope
model is LeCroy MDAS810. In HTB a power circulating struc-
ture is applied so that the dc power supply only provides the
losses of the whole system [33]. As shown in Fig. 8, a three-
phase inverter (#2) is controlled to emulate an unbalanced
load. The control strategy of the load emulator is to directly
regulate its PS and NS currents, of which the control diagram
is in [34]. The PS current is 12 A, and the NS current is 18 A.
Inverter #1 serves as the SG emulator and different SG models
are implemented. The generator parameters are the same as

in Table 3 and other system parameters are summarized in
Table 5.

B. TESTING RESULTS

In the testing, the phase-to-phase voltages and phase cur-
rents of the SG emulator are measured. The resistance and
reactance parts of the NS impedance are shown in Fig. 9(a)
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Parameter values
Ve =812V, Sp45e = 526 kW, V. =200V,
Lioaar = 12 A (rms), Lyqqz = 18 A (rms)

Parameter types

System setup

Converter L =575uH,Cys. = 5400 uF
parameters

Control kyy =50,k = 0.5,kp; = 0.015,k; =5
parameters fs =10kHz

TABLE 6. Measured NS Impedances in Testing

SG Model
2™_order model with proposed control loop (pu)

NS IMPEDANCES
0.1231 —;0.2295

0.0351 —j0.3552

4™_order model with proposed control loop (pu)

6"-order model with proposed control loop (pu) | 0.0155 — j0.1795

Updated 6™-order model with proposed control | 0.0269 + j0.3105
loop (pu)
Updated 6"-order model with conventional 0.2946 + j0.3676

control loop (pu)

Theoretical generator NS impedance (pu) 0.0025 +0.25

and (b), respectively. The voltage and current waveforms are
shown in Fig. 10. Using the measured voltages and cur-
rents, the NS impedance of the SG emulator is calculated.
All the measured NS impedances are also summarized in
Table 6

According to the measured impedances, the reactance parts
of 2nd-order, 4th-order, and conventional 6th-order models
are all capacitive and the updated 6th-order model has in-
ductive reactance. For the resistance part, when the proposed
control loop is applied, only the 2nd-order model’s resistance
is greater than 0.05 pu (0.094 ). This is because the virtual
resistance in the 2nd-order model is much higher than the
resistances in other models. For the updated 6th-order model,
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when the references are not decomposed into PS and NS
components, the control loop will highly affect the impedance
value. When the proposed control loop is applied, the model
can achieve the best accuracy compared to the theoretical NS
impedance of the SG.

Moreover, since the data of voltages and currents are ob-
tained from the oscilloscope, the measurement resolution is
not high, which may lead to measurement error. However,
even with the measurement errors, the proposed emulation
(updated 6th-order model with proposed control loop) can
achieve the best emulation accuracy compared with other
models. Therefore, the proposed model can be used for SG
emulation under unbalanced load conditions.

VI. CONCLUSION

Existing SG emulators have not fully considered the NS char-
acteristics of SGs for unbalanced load support. In this article,
the NS behaviors of different SGs models are derived:

e The NS performance of the 2nd-order model is repre-
sented by the SG’s stator resistance plus a capacitive
reactance with value of its steady-state reactance.

e The NS performance of the 4th-order model is repre-
sented by the SG’s stator resistance plus a capacitive
reactance with the average value of its transient reac-
tance.

e The NS performance of the 6th-order model is repre-
sented by the SG’s stator resistance plus a capacitive
reactance with the average value of its sub-transient re-
actance.

® The NS performance of the updated 6th-order model is
represented by the SG’s stator resistance plus an induc-
tive reactance with the average value of its sub-transient
reactance.

Compared with the NS performance of the actual SG, the
updated 6th-order model is appropriate for the unbalanced
load support. The reason is that this model considers the sub-
transient reactance and does not omit the derivative terms of
the flux linkage. The derived NS models will also benefit the
analysis and operation control of unbalanced systems where
converter-emulated SGs are implemented.

Moreover, a control diagram is proposed to realize a no-
static-error regulation of the NS references generated by
the updated 6th-order model. The proposed control diagram
decomposes the references into PS and NS components,
then regulates them separately in PS and NS dg coordi-
nates. In the proposed control diagram, the NS components
will become dc components instead of double-line fre-
quency components so that the impacts of the inadequate
gain of PI controller at double-line frequency components
can be eliminated. Simulations and experimental demon-
strations are conducted to verify the derived NS models
and validate the proposed control strategies. The proposed
SG emulator can be used to represent SGs for system-
level analysis when unbalanced load conditions need to be
considered.
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APPENDIX 1
A. PS MODEL DERIVATION

After the inverse Laplace transformation, the E(; (t)and E ; (1)
in the PS model will become:

Iy sin 61 AX) ~X,) (1= a1 My (1))

"
Ey @)= A B
Y gt (20)
B — coseiIC(Xd—Xd)(l—e q Mql(t)) )
El ()= SR + ¢y ()
’ efd(l—e_kql’M (1) T/O—Q—AT/(,)
— ¢allze 7 Mer)) — 290™q0 _
where efd(t) = b , Adl = YT Agl =
’ " 1 1
T, +CT VAl . Vg
000 M, ¢ (1) = cosh ——rt+Kyger sSinh ——r 1, Kpger =
Z/TdOTdO// ' 2140 Ty 2140 Ty '
T,,+CTy, nd
A

/51
)‘dl

Vi :
t 4+ K41 sinh

My, (t) = cosh T T
qY ¢ qv ¢ (21)
/ol /al
My (t) = cosh = ot K, sinh - 9t
2Td0Td0 2Td0Td0
2
1 " oA [
My = (TA = T30) +4BT Ty, .

2
1 _ 4 "
My = (T00C = Tjo)” +4DT30Th

742 / ’
K1 (1) = T T 2B
A /Al
" ea g o (23)
K1 (1) = TgoC ™ —TygC+2T4D
1 c /ul;

In the steady state, the convergence of (20) is determined
by the sign of the exponent terms. Since the sub-transient

reactance is usually smaller than the transient reactance, it is
easy to obtain:

A>B, C>D 24)
I 7 ast )
Xqy ( At qo)
T = ot T = A
g0~ g0 g0~ g0 (25)
1 " ,\2
N (TdoA+Tdo)
’ " —_ / " S A.ql
2TdOTdO 2Td0Td0

In the steady state, the exponent terms in E(;/l (t) and E;l )
will approach zero and the model in (10) can be obtained.

B. NS MIODEL DERIVATION
After the inverse Laplace transformation, the E;Z (t) and
E;z(t) in the NS model will become:

£ DX =X, (kb cosQat+0n+g)—kiye M1 My (1))
(1) = iz

L, =X ) (kL cos(2wr+6; i3 Ml Yy
” 2 ( d d) ) 005( wt+ 12+w2q) 2 2(1)
EqZ (t) = k;z

(26)
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where (28)—(33) shown at the bottom of next page

—A+AB— (2Tq/0w)2

Yy = — arctan >
22T 0+8(Tp)) /(/)(w)3+ZBTq’Ow
"
20T 0+8(T) )T, O(a))3+2DTd’0w
C2-CD+(2T)yw)’

27)

Yy = — arctan

In the steady state, the exponent terms in E;z(t) and E;z(t)
will also approach zero. For the trigonometric items in E:l/z(t)
and E;z(t), considering the typical range of generator tran-
sient and sub-transient time constants, the maximum value of
the trigonometric items will be very small. Therefore, in the
NS model, E;Z(t) and E;z (t) can be viewed as zero and the
model in (12) can be obtained. For the completeness, we will
also analyze the impacts of the trigonometric items on the
NS impedance of the conventional 6th-order model and the
updated 6th-order model.

1) CONVENTIONAL 6TH-ORDER MODEL

In the conventional 6th-order model, after the exponent terms
approach zero, the Et;:z () and E;z (t) will only contain the
trigonometric items, which can be written as:

4
DX, =Xy ) (kjy c0SQaet +6i2+112)

Ep ()= K2
vy @ (34)
p h(X)—X, )(kq2 cos(2wt+0pn+vng ))
Eq2 (t) - k22
q

After the inverse dq transformation, omitting the 3rd-order
components, the trigonometric items will become:

”;1/2 = IQZ[;q cos (wt + 0 + w;q>
v = hZcos (0r +62+ Z +0) (9

" " 2 "
v,y = IQqu cos (a)t +6n—F + wdq>

T
2Tq0 %0
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}\.1
) Kip dl 3
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d2y ~d1 40740

(28)
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2T, Ty,
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2 2 " 2 "
1= \/ (—A2 +AB — (2Tj) ) + <2A2Tq0a) +8(Typ) Trole)’ + ZBTq/Dw>

2

(29)

2 14 4 2
kiy = \/ (C2 —CD + (2Td/oa))2) + <2C2Td0a) +8(T)) Ty (@) + 2DTd/Ow)

K2, = (2Arq’g)w) + (A~ B)® + 8BT]

" " 2
K2, = <2CTd0a)> +(C—-Dy+ SDTdOTdOa) + (40T Ty )+ (2Tjp0)”

2 2
K3, = (2a)A2 10+ 8T50(Tr0) @ + 2wBTq’O) cos Oy + (—A2 +AB — (2Tj0) ) sin 6

,L)w —|—(4a)2T’ ”) —|—(2Tq’0w>2 30)

€2y

2 ” ” 2 .
K = (C2 = CD + (2T;)°) cos b + (20C3T, + 8T (Tj) w® + 20DT}q ) sin o

3 ! 2 / 2 3 ’ 3
Koo = (24 (Tq)a) 24Ty Ty + 6ABT o T + 84 (T0) (73) 0 +ZB<Tq>a) 8(Tyo) Ty ) cosbiz

" " ! ’ ! 2 "
+ (—A3Tq0 +A2BT)y + ATy — 3ABT, — 4A (qu) T ow? ) sin 62

2 .
_ (ZB<Tq’0> Tq0w2+ZBqu’O+SB( q/o) Tjw +4(T/> )sm@lz

q

(32)

" " ’ !’ !/ 2 "
Kp = <—C3Td0 +C2DTy + C2Tyy — 3CDTy, — 4C (T ) Tdowz) cos b2

’ 2 " 2 2 ’ ! 2 " 2 ’ 3 2

" // " 2 4
+ (—203 (Tdo)  +2C°T}) Tyow — 6CDT o Ty — 8C(Td0> (Tjo) & = 2D(T}o) o + 8(T0;0)3Td0w3> sin 0

VOLUME 4, 2023

(33)

761



LI ET AL.: MODELING AND EMULATION OF A SYNCHRONOUS GENERATOR CONSIDERING UNBALANCED LOAD CONDITIONS

where
N2 (kicosyng  kasinyn,\?
(2) = -
2 2
. 2
n k1 sin Yoy n ko cos Yoy (36)
2 2
" —ky si —k
V. = — arctan —150 V24 2 c0s V24 37)
g ki cos Yrag — ko sin Yy
where k; = (qu—zxq) and ky = w According to (35),
d2 q2

considering the current direction, the sub-transient voltages
will introduce an impedance:

ZyyL — Vg (38)

With the values in Table 3, the introduced NS impedance
is 0.005Z — 181.72°. This impedance is very small compared
to the values in Table 4.

2) UPDATED 6TH-ORDER MODEL

For the updated 6th-order model, after the exponent terms
approach zero, the trigonometric items in E;z(t) and E;z(t)
will lead to NS impedances. The first one is the same as (38).
The second one is introduced by the differential terms of flux
linkages. With similar derivation process, the impedance can
be written as:

Z;q(w)g - Iﬂ;q(lp) (39)
where
(Zz/i/q(w))z = (ki sin Y24 + k2 cos 1ﬁzq)z
+ (—k1 cos Yrog + ka sin wzq)z (40)
w;q(w) — _ arctan ky sin Yrq + kp cos Y, 4

—ky cos Yrag + kp sin iy,

According (39) to (41), the NS impedance introduced by
the by the differential terms of flux linkages is 0.0101£ —
1.73°. The overall NS impedance introduced by the sub-
transient voltages is 0.0051Z — 2.25°. The introduced NS
impedance is also very small.
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