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Abstract: Low frequency oscillations are the most easily occurring dynamic stability problem in the
power system. With the increasing capacity of power electronic equipment, the coupling coordination
of a synchronous generator and inverter in a low frequency range is worth to be studied further. This
paper analyzes the mechanism of the interaction between a normal active/reactive power control
grid-connected inverters and power regulation of a synchronous generator. Based on the mechanism,
the power system stabilizer built in the inverter is used to increase damping in low frequency range.
The small-signal model for electromagnetic torque interaction between the grid-connected inverters
and the generator is analyzed first. The small-signal model is the basis for the inverters to provide
damping with specific amplitude and phase. The additional damping torque control of the inverters
is realized through a built-in power system stabilizer. The fundamentals and the structure of a built-in
power system stabilizer are illustrated. The built-in power system stabilizer can be realized through
the active or reactive power control loop. The parameter design method is also proposed. With the
proposed model and suppression method, the inverters can provide a certain damping torque to
improve system stability. Finally, detailed system damping simulation results of the universal step
test verify that the analysis is valid and effective.

Keywords: low frequency damping; grid-connected inverter; power system stabilizer; power
electronics-based AC power system

1. Introduction

The power system has expanded and changed incessantly. There is a trend that
conventional power systems are expected to be replaced by next-generation power systems.
The grid-connected inverters are the crucial component that delivers renewable energy
and energy storage to the grid. The grid-connected inverter should play a more critical role
in the power system [1-6]. Due to the negative damping effect of the power system, the
phenomenon of low frequency oscillations (LFOs) often occurs on the transmission lines
with long distances, heavy loads or weak connections. The typical feature of low frequency
oscillation is power swing and low frequency ranging between 0.1 and 2.5 Hz. The power
regulation characteristic of inverter is different from that of synchronous generator. In
the same power grid, the power regulation of inverters affects the swing characteristics of
generator’s power angle. Obviously, the research of the influence mechanism of inverter
power regulation on generator torque, and the low frequency damping control is important
for the system stability.

There have been many studies on the low frequency damping control. The power
system stabilizer (PSS) in excitation system is used to generate the damping effect. The PSS
suppresses LFOs through controlling electromagnetic torque variation. PSS in excitation
system has been proved to be the most cost-effective damping control [7-10]. In power
electronics-based AC grid, the proportion of synchronous generator capacity decreases.
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The damping torque provided by the excitation system is not enough for LFOs suppression.
Some power electronic devices such like unified power flow controller (UPFC), static var
compensators (SVC), voltage source converter based high voltage direct current (VSC-
HVDC) are researched to suppress the LFOs. The power electronic equipment can increase
the system damping to inhibit oscillation [11-14]. References [15-19] analyze the impact of
VSC control parameters on power system stability based on small-signal stability analysis.
Reference [20] proposes a UPFC-based stabilizer that adopts a conventional PI controller
and a lead-lag controller to produce the damping effect. Because of the UPFC covers active
and reactive power controls with multiple time scales, the low frequency damping control
parameters of UPFC are hard to design for most working condition. References [21,22]
research the SVC with a damping controller. The damping control in SVC increases system
damping by reactive power control. The influence of SVC’s reactive power on generator is
limited by distance and area. Reference [23-26] proposes VSC-HVDC damping strategies.
These strategies are realized by adding angular velocity close loop control to the basic
control of inverter. The damping control and the normal inverter control both regulate the
active power. But the purpose of control is different. So, the two kinds of control are easy
to affect each other, and the parameters are hard to design. For the situation that the virtual
synchronous generator (VSG) control changes the regulation characteristic of inverter,
references [27,28] investigates extra damping control in the VSG control. The damping
capacity of inverter can not be fully utilized due to the limitation of virtual inertia control.

There are still some improvements as follows in the research of low frequency damping
control in power electronic based AC grid.

(1) The capacity proportion of the UPFC and SVC is small in the power system. The
damping effect of the UPFC and SVC is limited. The low frequency damping control
should focus on the grid-connected inverters which have large proportion.

(2) These stability analyses mainly focus on the inverter itself. The correlation with
generators in the power grid has not been considered enough. The influence of grid-
connected inverter with normal active/reactive power control on the electromagnetic
torque of the synchronous generator has little research. Using the mechanism of the
influence to improve the dynamic safety and stability of the power system has not been
fully considered.

(3) The different time scales controls are directly superimposed together in the invert-
ers based on existing research. Without the detailed model for the interaction between
inverters and generators, the control parameters are hard to set.

To improve the low frequency damping control and LFOs suppression, the main
contributions of this paper are as follows:

(1) This paper investigates how grid-connected inverter with normal active/reactive
power control influences the electromagnetic torque of the synchronous generator. The
small-signal model for the impact of the output of the grid-connected inverter on the elec-
tromagnetic torque of the synchronous generator is proposed. The damping torque analysis
is used to evaluate the effect of inverter on low frequency damping. The mechanism of
grid-connected inverter providing positive damping is found. That can also be suitable for
multi grid-connected inverters with same voltage and current control.

(2) The control time scale of the introduced damping control is adapted to the fre-
quency range of LFOs. It is independent of the original fast control of the inverter. The
method of introducing electromagnetic damping torque with built-in PSS to increase low
frequency damping is proposed. The structure and parameter design method is also pro-
posed. The additional electromagnetic damping control can be realized by the active power
control or reactive power control of the inverter. Because of most of the inverters in power
system output active power, the built-in PSS realized through the active power control
are taken as the object of analysis. That is different from the excitation system’s PSS. The
difference between traditional PSS in excitation system and the proposed built-in PSS in
inverter can be illustrated in Figure 1, where V/ is the terminal voltage control reference
value for excitation system, V; is the terminal voltage value, Ey; is the excitation voltage,
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Py is the active power control reference value for inverter, P is the active power actual
value, Q. is the reactive power control reference value for inverter, Q is the reactive power
actual value, G;_p(s) is the active power control, G;.q(s) is the reactive power control, G(s)
is the excitation control.

build-in PSS
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Figure 1. Traditional PSS in excitation system and the proposed built-in PSS in inverter. (a) Traditional PSS in excitation

system; (b) the proposed built-in PSS in inverter.

(3) To verify the above analysis, two-part simulation is used. One part is about
different damping torques’ effect on single grid-connected inverter. The different damping
torques are realized by using different parameters. The other part is about the effectiveness
of the built-in PSS for dual paralleled grid-connected inverters.

The rest of this paper is organized as follows. Section 2 derives a small-signal model
of the impact of the grid-connected inverter on electromagnetic torque of synchronous
generator. The influence of inverter output on damping torque is analyzed. Section 3
provides a design for built-in PSS based on the small signal model. Section 4 gives the
simulation result. The conclusions of this paper are presented in Section 5.

2. Modeling and Analysis

The study of the generator oscillation process shows that in most cases the generator
rotor oscillation is related to the mechanical inertia time constant. The electrical angular
velocity (Aw) and electrical acceleration (Ad) are used to describe the oscillations. The
mechanical inertia time constant represents lower oscillation frequency and slower attenu-
ation [29]. So, in the study of the process related to rotor oscillation, the fast process can be
considered to be over. In the process of modelling, circuit impedance could be calculated
under the situation of the rated frequency of power grid.

The electromagnetic torque of synchronous generator is used to increase low frequency
damping because of its fast-changing characteristics. The power regulation of the grid-
connected inverters affects the electromagnetic torque of synchronous generator. So, the
influence of electromagnetic torque caused by inverter power regulation is the first problem
to be clarified.

2.1. System Description

Figure 2 depicts the structure of a typical structure of power electronics-based AC
power system. The power electronics-based AC power system has synchronous generators
and multi inverters. The inverters have a considerable proportion of the transformation
and consumption capacity in power grid. The normal control architecture of the inverter
controller is shown in Figure 3, where me is the d-axis control reference of active power,
Ugerer is the d-axis control reference of DC voltage, Q. is the g-axis control reference
of reactive power, Uy is the g-axis control reference of AC voltage, iy is the d-axis
reference current value of inverter, i2qf€f is the g-axis reference current value of inverter,
ipq is the d-axis current value of inverter, iy, is the g-axis current value of inverter, U, is
the d-axis component of system side voltage, Uy is the g-axis component of system side
voltage, Ay, is the d-axis component variation of inverter side voltage, Ay, is the g-axis
component variation of inverter side voltage. F,(s) is the outer-loop control function of the
inverter, F(s) is the inner-loop control function of the inverter.



Energies 2021, 14, 2435 4 0f 18

Synchronous Generators ACBUS

O

,Trhthrnlm

LFOs *
G S e i Ell i
I - DC-AC

DC-DC , PV System

% JG_ )

I DC-AC DC-DC Battery
— Grid-connected Inverters
=1

— e e e e )

I Load I

Figure 2. A typical set up of power electronics-based AC power system.
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Figure 3. The typical control structure of the inverter.

The multi-inverters shown in Figure 2 can be considered as a controllable voltage
source, connecting to the power grid with an LCL filter typically. The multi generators can
be equivalent as a voltage source with characteristics of synchronous generator. Figure 4 is
the equivalent two-port network of the system shown in Figure 2, where U is the voltage
of the generator, V is the voltage of the inverter, x; is the contact inductive reactance, xy
is the inductive reactance of load, r is the resistance of the load, x; and x, is the inductive
reactance of LCL filter for the inverter and y, is the admittance of LCL filter for the inverter.

iz

v

—_— e — —_— —— = —_—— e o —— =

Figure 4. Two-port network for simplified power electronics-based AC power system.

The loop circuit equation of two-port network is shown in the following:

!/ !/ ! !
< U ) _ ( Z112'22 +Z2122'32  Z11Z2'23 + 212233 ) ( v > 1)
: - !/ !/ ! ! .
1 221222 +2222'32 221223 + 222233 )
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where 211, 212, 221, 222 and 2/, 2/23, 2/ 32, 2/ 33 are the impedance of two-port networks 1 and
2, respectively, i and i, are the currents of the line connected with the generator and the
inverter, respectively.

Then, the current of the generator in dq synchronous frame is got as:

{ iy = Yiug + YolUg + Y304 + Yauy @)
Ig = Ysiq + Yelq + Y70a + Ysvq

where 1~y represents the correlation impedance, v, is the d-axis component of inverter
side voltage, v, is the g-axis component of inverter side voltage, u, is the d-axis voltage of
the generator, 1, is the g-axis voltage of generator.

2.2. System Modeling

Through Equation (2), the small-signal model of generator’s current and voltage is
derived as shown in Equation (3).

Aug = xAig

Aug = AE; — xAig

Aig = y18ug + y28ug + y3Avy + ysAog
Aiq = ysAug + yeAug + y7Av4 + ysAvg

®)

where x'; is the d-axis transient resistance of the generator, x, is the g-axis resistance of the
generator, iy is the d-axis current of the generator, i; is the g-axis current of generator, 1 is
the d-axis voltage of the generator, 1, is the g-axis voltage of generator, Ej is the internal
potential of the generator, A represents the micro change of electrical quantities.

The expression of Aiy; and Ai; could be derived by eliminating Auy and Au,; and
illustrated as Equation (4):

Nig = ZlAEﬁl + ZoAvy + Z3A04 @)
Aiq = Z4AE{7 + ZsAv; + Z(,Avq

where Z1~Z¢ are the admittance coefficient which are derived through Equation (3).
A series equation of electromagnetic relation of the generator is shown as the following
Equation (5) [7]:

ug = Eq — (xq — x}))iqg = Ej — x}ig

E; = EQ - (xq - X‘Ii)id (5)
aE,

ar = - (Efa — Eg)

u® = uj + ug

where E'; is a hypothetical potential which is proportional to the flux of excitation system,

M_ is the electromagnetic torque of the generator, Eg is hypothetical potential behind x4, Eg

is the excitation voltage, T"jo is the time constant of the rotor when the stator is open-circuit.
The small-signal model of the generator is derived as:

AM, = lquE{; + iqo(xq - x:i)Azd + E'Q()Al'q

(1+ Tygs) AE) = AEgy — (xg — xq)Aig ©)
u . 0 .

Au = uiooquzq + %(AE; — X Aig)

where i, is the steady-state g-axis current of the generator, 1 is the steady-state d-
axis voltage of the generator, 1 is the steady-state g-axis voltage of the generator, 1 is
the steady-state voltage of the generator, Eqg is the hypothetical steady-state potential
behind x;.
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The small-signal model of the synchronous generator with inverter’s voltage is derived
in Equation (7) by substituting Equation (4) of Ai; and Aiy into Equation (6).

AM, = KlAE% + K2Avy + K3Avq
AEI; = K4AEfd - K5Avd - K6A’0q
Au = K7AE{1 + KgAv,; + KgAvq

K = qu + iqo(xq - X;)Zl - EQ()Z4
Ko = igo(xg — x)Za + EqoZs
K3 = iqo(xq — x;)Zg + EgoZe

AEg; = G(s)Au @)
- 1 _ up g g0 s

K = Sz s K7 ;’;0’%2“ T K

Ks = Ky (xq — x}) Z Kg = 5 %475 = 2 XaZ2

Ko = Ky(xg — x})Z5 Kg = %quzé — uiooxjizg,

G(s) represents the transfer function of the excitation system.

Consider the inverter control shown in Figure 3, the block diagram of the small-signal
control model of the generator-inverter system can be obtained from the above analysis as
Figure 5.

i2a Ucd

| |
| !
| |
} Pref/Udcref Todret }
| O O el
| Ava wLiizg }
| |

Q/U“ I Reactive power control of inverter

Figure 5. The small-signal model of the inverter output and the generator electromagnetic torque.

According to the control block diagram and the superposition principle, the transfer
functions of AM,/AV; and AM./AV, are obtained, respectively:

AM, _ (KiKg—KyK7)GKy—K;K5+K)
Ao, — T-K,GK

4
AM, __ (K1K9*K3K7)GK47K1K6+K3 (8)
Avg 1-K;GKy

G (S) = L tkps

where k; is the integral time constant, k, is the proportion coefficient.

The phase and amplitude difference between the output of the grid-connect inverter
and the electromagnetic torque of the synchronous generator can be calculated by Equation
(8). In this chapter, the small-signal model of the impact of the grid-connected inverter on
electromagnetic torque of synchronous generator in power electronics-based AC power
system has been deduced. The model reveals the relationship between the output power
of the inverter and the generator torque. The model is the analysis basis of using the
grid-connected inverter to increase low frequency damping.
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According to the classical power system theory, a torque can be decomposed into
two components, i.e., damping torque and synchronizing torque. The positive direction of
the damping torque is in phase with the angular frequency Aw. The positive direction of
the synchronizing torque is in phase with the angle Ad. The influence of normal control
grid-connected inverter on low frequency damping mainly depends on the Aw direction
component of electromagnetic torque.

According to the Heffron-Philips model, the relationship between terminal voltage
and power angle can be present as Equation (9).

Au = K5H_pA(5 + K(,H_pAE{;

_ Ugg _*Xg _ Mo Xy ;
Ksy_p = iy Xg T U; cosé 0o ¥ U sin éy 9)
g 1y

Kern-p = %5 w3,

where A¢ is the power angle deviation, Ksp.p is the factor of Ad in the Heffron-Philips
model, Kgp.p is the factor of AE; in Heffron-Philips model, x; is the line impedance and Uy
is the voltage behind line impedance x;.

According to Equation (9), Au occurs when there is a disturbance of power angle.
The variation of the active power of grid-connect inverter AP can be assumed to follow
Au. Moreover, the regulation of active power in the inverter is in the opposite direction
of active power measurement variation. After a series of PI control, the phase of AM,
produced by grid-connect inverter lags the phase of -Au. So, the torque phasor diagram
under oscillation can be shown in Figure 6, where Au is the component related to power
angle, AM,p is the damping torque component of AM,, AM,s is the synchronizing torque
component of AM,, 8 represents the phase difference from the phase of -Au to the phase of
AM,. From Figure 6, it can be seen that the damping torque component of AM, is negative.
The negative damping reduces the damping of the system and makes it easier for the
appearance of LFOs.

Aw

Figure 6. Torque phasor diagram during oscillation.

3. LFOs Suppression Strategy Using Inverter with Built-In PSS
3.1. The Control Structure of the Inverte with Built-In PSS

In order to increase low frequency damping, the grid-connected inverter needs to
increase the torque in the positive direction of the axis Aw to increase the damping torque.
An extra torque AT can be introduced to provide positive synchronizing torque in the
frequency range of LFOs. From Figure 4 and Equation (8), an additional control that
passes the lead-lag correction component and inverter control loop can be introduced
into the control loop of the grid-connected inverter to make the inverter produce positive
damping torque.

To introduce the positive direction of the axis Aw, the active power or electric angular
velocity on the interconnection line can be taken as the input of the additional control.
Active power or angular velocity signal is introduced into the grid-connected inverter to
produce positive damping, which is similar to the purpose of installing PSS on the excitation
system. So, the additional control in the grid-connected inverter can use the experience of
the structure of PSS to restrain LFOs. The grid-connected inverter is not willing to produce
additional torque due to the normal power regulation of the generator, which will affect
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its output capacity. Regarding the control structure of PSS2B, the acceleration power is
used as the input signal. After the acceleration power input signal passes through a series
of lead-lag components, the output phase is corrected to produce positive damping to
suppress LFOs.

The built-in PSS structure for grid-connected inverter and application in the system
is shown in Figure 7, where P, is the d-axis control reference of active power, U is
the d-axis control reference of DC voltage, Q. is the g-axis control reference of reactive
power, U is the g-axis control reference of AC voltage. w and P, is the input signal,
Tw is the time constant of the first DC block component for input signal w, Ty is the
time constant of the second DC block of input signal w, T3 is the time constant of the
first DC block of input signal P,, Ty is the time constant of the second DC block for input
signal P, Ks» is the gain coefficient of the integral component for input signal P,, Ks3 is a
composite coefficient, Ty is the time constant of the integral component for input signal
P., Kg; is gain coefficient of regulating component, T; is the lead time constant of first
lead-lag component, T is the lead time constant of first lead-lag component, T3 is the lead
time constant of second lead-lag component, Ty is the lag time constant of second lead-lag
component, Vppss is the output of PSS for grid-connected inverter, Vppss may is the upper
limit of Vgpss, Vppss min is the lower limit of Vppss. Vppss is superimposed on the control
target of the grid-connected inverter.

n G _-L Control

block

Figure 7. PSS control structure for grid-connected inverter and application in the system. (a) System structure; (b)

superposition point of PSS output in the inverter control; (c) PSS control structure.

The additional electromagnetic torque is realized through the output of built-in PSS.
The output of built-in PSS can be added with the reference of active power or reactive power
in the control of grid-connected inverter. The superposition position is shown in Figure 7b,
where The Prof/Uere 0T Qyef/Userer in Figure 7b can be selected as the superimposed point
according to the actual needs. When the grid-connected inverter output mainly active
power, the built-in PSS shall be superposed on the corresponding active power control loop.
When the grid-connected inverter output mainly reactive power, the built-in PSS shall
be superposed on the corresponding reactive power control loop. The inverter damping
torque control realized through active power control is different from the damping control
of PSS realized through reactive power control of the generator.
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3.2. Parameters Design Guidline for Built-In PSS

Different introduced extra torques have different damping effect. The angle between
extra torque AT and Aw axis and the amplitude of AT are the main factor determining
damping torque. For the parameter tuning of built-in PSS, the lead-lag component parame-
ters mainly determine the angle and Ky determines the amplitude.

Undamped natural oscillation angular velocity is taken as the compensation point.
The phase which the additional torque generated by built-in PSS lag to the input of the
lead-lag components can be calculated through Equation (8). Then the parameters of the
lead-lag components can be set according to the phase compensation demand. The other
parameters of the filters in built-in PSS can use the design method of PSS which is used in
excitation system.

As illustrated above, built-in PSS is superimposed on the reference of the outer-loop
control. The additional control torque of built-in PSS has passed the control function
Fo(s) and F(s). Then, the whole transfer function of additional torque of built-in PSS to
electromagnetic torque of generator is shown as Equation (10).

AM, AM,
Awipgs = A"Ude ’ FO (S) : F<S)

Fo(s) = kpo + kio /s (10)
F(s) = kpi +kii/s

where ky, is the proportion coefficient of the outer-loop control, k;, is the integral time
constant of the outer-loop control, ky; is the proportion coefficient of the inner-loop control,
ki; is the integral time constant of the inner-loop control.

According to the Heffron-Philips model, the undamped mechanical nature angular
velocity of the rotor can be obtained through Equation (11).

wy = \/Kleplwo/T] a1
Kig_p = %iqou sin dg + ﬁ;oi_i_sx&fEQo

where w, is the undamped mechanical nature angular velocity of the rotor, Ay is the steady
value of generator power-angle, wy is the rated angular velocity, and Tj is the inertia
constant of the generator.

When w;, has been calculated, the phase of the whole system at the undamped
mechanical nature angular velocity can be obtained through Equation (11). In order
to produce positive damping torque and synchronous torque, the phase of additional
damping torque should lead Aw with phase 0~40 degrees. Then, compensatory angle ¢ of
the lead-lag component of built-in PSS can be deduced.

The two lead-lag components of built-in PSS can adopt the same parameters. Then, T4
is equal to T, T, is equal to Ty4. As the inverter regulars very fast, the lag time constant
T, is required to correspond with the speed. So, T, can be determined by reference to the
regular time of inverter. The value of T; can be obtained according to the requirement of
compensatory angle ¢, through Equation (12) as follow.

¢x/2 = arctanT w;, — arctanTrwy, (12)

When lead-lag component parameters are determined, KS1 can be determined by the
critical gain method. The equivalent amplification factor of built-in PSS can be defined as
AP, and its calculation formula is shown as Equation (13).

14 T?
AP = Ky —2L 13
s1 1+T22 ( )
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4. Verification

The classic step test of the generator terminal voltage is used to test low frequency
damping. 5% step test of the generator terminal voltage is used in simulation and 3% step
test of the generator terminal voltage is used in experiment. The damping effect of the
built-in PSS can be observed in the process of the oscillation. The built-in PSS is a control
for damping torque. So, the damping mechanism for multi-inverters with built-in PSS is
same with the single inverter with built-in PSS. The simulation includes two parts. One
part is about the different damping effects of different parameters of the built-in PSS. The
other part is about the damping effects of dual paralleled grid-connected inverters with
different built-in PSS situations. The experiment of generator-inverter system is also carried
out to verify the damping control effect of the built-in PSS. The oscillation waveforms with
and without built-in PSS in setting conditions are compared. The inverter can produce
corresponding power oscillation which suppress the transmission power oscillation. The
correctness of the analysis above is verified by the simulation and experimental result.

4.1. System Description and Setting

Simulation results based on PSCAD are provided to verify the analysis of built-in PSS.
The simulation and experimental set up of a simplified power electronics-based AC power
system is established as Figure 8. The two simulation parts uses single inverter and two
paralleled inverters, respectively. The part with one inverter is used to verify the damping
effects with different built-in PSS parameters. The part with two inverters is used to verify
the damping effect of multi-inverters. The main parameters are shown in Table 1. The
voltage of DC source is set as 400 V.

ACBUSg::  Filter | ‘
$TTTTTTTeeeees Lo ' E L. L1 E r L
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Figure 8. Simulation and experimental set up on PSCAD.

Table 1. Main parameters for simplified power electronics-based AC power system.

Parameters Values
system impedance Ls 0.1 mH
0.082 Q)
load r
Lo 0.082 mH

DC source Vie 400 V
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Table 1. Cont.

Parameters Values
x4 0.0361 O
Xq 0.2238 O
T 10 3.55
140 1093.7 A
iqo 1803.7 A
Generator
Ugo 285.6726 V
g0 11717V
U 308.77 V
Ego 361.96 V
Spase 1 MVA
Utbase 20kV
o ky 100
excitation system control
k; 60
Ly 0.2 mH
LCL filter L, 0.04 mH
C 15 uF
kpo 4
Inverter control Fy(s)
kio 20
ki 4
Inverter control F(s)
ki 100

4.2. Parameters Design

To make T1~T} positive, the output of built-in PSS is multiplied by —1 before adding
to the reference value of active power control in this simulation, which results in a phase
shift of 180°. According to the parameters of circuit and control function, the phase of AM,
lags the phase of Awpgpss about 0~90° in the frequency range of LFOs.

The output of built-in PSS is added with the output of d-axis control. The P,,s and
Qref of the grid-connected inverter are set to be 0.4 MW and 0 MVar. According to the
parameters of circuit and control function, w, can be calculated as 11.04 rad/s. From
Figure 9 the phase of AM,/Awppss at wy, can be got as 75.1°.

Achieving Awppgs leading AM, with 30°, this paper set compensatory angle ¢, of
the lead-lag component of built-in PSS as 75°. According to the regulation time of the
inverter, 0.01 can be taken as T, value. T value can be derived through Equation (12). The
parameters of built-in PSS are shown in Table 2. For see more details of the influence of
built-in PSS, the limited output of built-in PSS is set quite lager as 20% of P,,. In the actual
project, the limit value should be according to the capacity of the inverter.

The bode diagram of AM./Awppss with and without compensation is shown in
Figure 9. From the bode diagram, Awppss leads AM, 30 degree at the target frequency
of LFOs. As the Aw relevance vector is used as input, the phase of additional torque is
30 degrees lead of Aw axis.
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Figure 9. The bode diagram of AM./Awgpss with and without compensation.
Table 2. Parameters of built-in PSS of inverter.
Tw1 Tw2 Tws Twa Ts T7 M
2 2 2 2 0 10 5
N Ks2 Ks3 Tg Ty T1 T,
1 3.2 1 0.2 0.05 0.0868 0.01
T3 Ty Ks1 VBPSS_max VBPss_max
0.0868 0.01 7.98 0.08 MW —0.08 MW

4.3. Damping Effects of Single Grid-Connected Inverter with Different Parameters

Case 1 is the situation that damping torques have same ¢, with different AP. Case Il is
the situation that damping torques have same AP with different ¢,. The simulation results
are shown in Figure 10.

In case I compensatory angle ¢ of lead-lag component of built-in PSS is fixed as 75°,
the damping torque diagram with different AP is shown in Figure 10a, where Tppgg is the
damping torque of built-in PSS without phase compensation, Tppss; is the damping torque
when Ks1 =7.98, Tppssy is the damping torque when Ks1 = 6, Tpsss is the damping torque
when Kg1 = 4.

In case II AP of built-in PSS is fixed as 8.04, the damping torque diagram with different
¢y is shown in Figure 10a. Where Tppssp is the damping torque of built-in PSS without
phase compensation, Tppssi is the damping torque when ¢, =65°, Tppssy is the damping
torque when ¢, =75°, Tppss3 is the damping torque when ¢, = 85°. Figure 10b shows
the active power of generator in both cases; Figure 10c shows output of built-in PSS with
various ¢ and AP; Figure 10d shows active power of grid-connected inverter in both cases;
Figure 10e shows reactive power of grid-connected inverter in both cases; Figure 10f shows
terminal voltage of generator in both cases.

For case I, from Figure 10b it can be seen that the bigger AP could produce lager
positive damping torque. For case II, from Figure 10b the closer to the Aw-axis could
produce a lager positive damping torque. From Figure 10c,d it can be seen that larger
output of the built-in PSS corresponds larger power fluctuation of inverter and lager
positive damping torque. With the appropriate setting of Kg; and ¢y, the system damping
can be increased. Under the action of built-in PSS, the active power fluctuation of inverter
provides positive damping to the system. The verification results are consistent with the
above theoretical analysis. Meanwhile, from Figure 10e,f, the damping regulation has little
influence on terminal voltage of generator. The reason for that is that the built-in PSS in
inverter is added to the active power control and the inverter adopts active and reactive
power decoupling control strategy.
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Figure 10. Simulation results of same ¢, with different AP (case I), same AP with different ¢, (case II). (a) Schematic

diagram of damping torque with different AP and ¢y; (b) active power of generator; (c) output of built-in PSS with various

¢x and AP; (d) active power of grid-connected inverter; (e) reactive power of grid-connected inverter; (f) terminal voltage

of generator.
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4.4. Damping Effects of Dual Paralleled Grid-Connected Inverters

More capacity of inverters to influence the electromagnetic torque of generator can
present more damping effect. In this paper the situation of two inverters is taken as an
example of multi-inverters connected with synchronous generator.

When the load is fixed, the different numbers of grid-connected inverters is set to
realize the different distribution of active power between the inverter and the generator
in the system shown in Figure 8. Figure 11 is the simulation result of two parallel grid-
connected inverters system with different built-in PSS situations. The P, of the grid-
connected inverter are set to be 0.4 MW and 0.2 MW, respectively. The Q, of the grid-
connected inverter are set to be 0 MVar. The built-in PSS in both inverters adopts Ks1 = 6
and same value as shown in Table 2 for the other parameters.

Three built-in PSS situations are simulated, case I: none of the inverters has built-in
PSS; case II: only the larger output inverter has built-in PSS; case III: both of the inverters
have built-in PSS. Figure 11a shows the fluctuation comparison of generator’s active power
under the three cases. From the figure it can be seen that better damping effect can be
get by more inverters with built-in PSS. Figure 11b shows the active power of the larger
output inverter under the three cases. Figure 11c shows the active power of the lower
output inverter under the three cases. Figure 11d shows the output of built-in PSS in the
inverters under the three cases. From Figure 11b—d, the active power fluctuation of the
larger inverter can be reduced when two inverters have damping effect. The increasing of
low frequency damping reduces the output of the built-in PSS of the inverter.

——no ipss — One inverter has ipss —— two inverters has ipss s O 1PSS — One inverter has ipss — two inverters has ipss
0.8 T T T T T 45 T T ] T T
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Figure 11. Simulation results of two parallel grid-connected inverters system with different built-in PSS situations, case I:
none of the inverters has built-in PSS; case II: only the larger output inverter has built-in PSS; case III: both of the inverters
have built-in PSS. (a) Active power fluctuation comparison of generator under the three cases; (b) active power of the larger

output inverter under the three cases; (c) active power of the lower output inverter under the three cases; (d) output of

built-in PSS in the inverters under the three cases.

4.5. Experimental Results

The experimental platform is consisted of one synchronous generator, two inverters
and resistances. The structure of the system is same with the simulation system structure
as shown in Figure 8. The experimental platform is shown in Figure 12. The parameters of
the experimental platform are shown in Table 3. The two inverters all adopt same control
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and built-in PSS. The excitation system and the inverters use the same control parameters

as shown in Table 1.

Figure 12. Experiment platform. (a) Synchronous generator; (b) inverter; (c) controller of the inverter.

Table 3. The parameters of the experimental platform.

Parameters Values
Stase 30 kVA
Utbase 400 V
Generator x'g 0.3556 pu
Xq 1.0825 pu
T 40 6.55
Ly 0.2mH
LCL filter I 0.04 mH
C 15 uF
load r 240
DC source Ve 400V

The parameters of built-in PSS are designed as the analysis above and shown in

Table 4.

Table 4. Parameters of built-in PSS of inverter for experiment.

Tw1 Tw> Tws Twa T M
2 2 2 2 10 5
N Ko K3 Tg T T,
1 3.2 1 0.2 0.15 0.01
T3 Ty Ks1 VBpss_max
0.15 0.01 6.3 0.9 kW

Three percent step of the generator terminal voltage test is used as the test condition.
The active power waveforms of the generator under the system with and without built-in
PSS are shown in Figure 13. To illustrate the damping effect of the built-in PSS with different
parameters, the waveform of with built-in PSS 1 uses the parameters in Table 4 and the
waveform of with built-in PSS 2 adopts the parameters in Table 4 except T = T3 = 0.16,
Ks1 = 7.3. The data of active power is recorded by controller of the inverter. The active
power waveforms are obtained by using data processing software to process the recorded
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data. From the comparison, the inverters with built-in PSS can increase the low frequency
damping. The low frequency damping can be controlled through the adjusting of the
parameters. The result is consistent with theoretical analysis above.

315 without built-in PSS === with built-in PSS 1 === with built-in PSS 2

30.25+

P(KW)

28.251

27.5 -

15.0 17.5 0 225 25.0

20.
t(s)
Figure 13. Active power waveform of the generator under the system with and without built-in PSS.

The oscillation information can be obtained through the input signals of the trans-
mission active power and angular velocity. The lead-lag component compensates the
phase shift caused by the power electronics-based AC grid. That makes the inverter can
provide the corresponding active power variation to suppress the oscillation. The simula-
tion and experimental result illustrate that the built-in PSS could increase low frequency
damping with the proposed parameters design. The simulation and experimental results
are consistent with the above theoretical analysis. The analysis is also suitable for multi
parallel grid-connected inverters system in the power grid with synchronous generator
characteristics.

5. Conclusions

Under the new situation that larger scale power electronics equipment and syn-
chronous generator coexist in the power grid, making inverter participate in low frequency
damping control is the key to enhancing system stability. In this paper, the low frequency
damping control for power electronics-based AC power system using inverters with
built-in PSS is analyzed. The model of the impact of the grid-connected inverter on the
electromagnetic torque of the synchronous generator is researched and proposed. The
model is the basis of increasing accurate positive low frequency damping torque through
the grid-connected inverter. The built-in PSS of the inverter is used to introduce additional
positive damping torque for the system. The structure of the built-in PSS is illustrated.
Angular velocity and active power are used as input signals. Through lead-lag components,
the built-in PSS makes inverter generate positive damping torque to increase low frequency
damping. The built-in PSS control can be superposition to active power control or reactive
power control loop of the inverter. The design method for the main parameter of built-in
PSS is also proposed. Finally, the correctness of the theoretical analysis and the effectiveness
of the built-in PSS is verified by the simulation and experiment.
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