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A Generic Power Compensation Control for
Grid Forming Virtual Synchronous
Generator with Damping Correction Loop

Yagian Yang, Chang Li, Long Cheng, Xingle Gao, Jiazhu Xu, Member, IEEE
and Frede Blaabjerg, Fellow, IEEE

Abstract—Insufficient damping and inertia is the one of
the most tough challenges in the grid-connected power
system with high penetration of renewable energy
resources. Damping correction loop of virtual synchronous
generator (VSG) connected to weak damping and high R/X
ratio condition is introduced to solve the issues. Firstly, the
scheme of the proposed control is implemented in various
system operating conditions, and the small-signal model of
the proposed control is established. Subsequently, the
influence of the damping correction loop on small-signal
stability is demonstrated by Bode diagram analysis, and
the interaction between reshaped VSG control and power
compensation capacity is clarified in three aspects of
damping, inertia and synchronization. Furthermore, the
optimal design of additional damping and inertia support is
provided to suppress the sub-synchronous frequency
fluctuation of the system, the proposed control method can
be easily implemented by directly inserting it into active
power control loop of VSG. Finally, the efficiency of the
damping correction loop is verified by experiments, the
results indicate that 70% reduction of maximum frequency
deviation with the proposed control under 20% active
power reference step.

Index Terms—Power compensation capacity, virtual
synchronous generator, damping correction loop,
frequency fluctuation.

. INTRODUCTION

HE fossil fuel energy resources are gradually getting
exhausted, which stimulates the rapid development of
renewable energy sources (RESs). Inevitably, power
electronics converters are required for the integration of RESs,
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which drives the modern power system more power
electronics-dominated [1]. Power electronics converters bring
flexibility and controllability for power electronics-dominated
power systems (PEDPS). Unfortunately, it also brings several
disadvantages, such as significantly declined level of inertia
and damping, which induces several stability issues, e.g.,
frequency oscillation and active power oscillation [2]. To
suppress the fluctuation of frequency and active power of
PEDPS caused by low inertia and damping, the virtual
synchronous generator (VSG), which emulates the dynamic
property of traditional synchronous generator, was proposed to
provide sufficient support of inertia and damping.
Unfortunately, VSG inevitably interacts with the power
network, where new stability issues will arise [3]-[4]. Therefore,
it is significant to explore the stability mechanism hidden in
grid-forming VSG (GF-VSQG) attached to power network.

The researches on topic of GF-VSG are mainly focused on
two aspects, i.e., modeling approach and mechanism analysis
of stability. When discussing the stability of GF-VSG attached
to power network, three mainstream approaches are adopted,
i.e., impedance modeling [3]-[4], state-space model with
eigenvalue analysis [5]-[11], and magnitude-phase-motion
equation (MPME) [11]-[13], and etc. Every method has its
advantage and disadvantage. In [3], impedance model
considering VSG control was proposed in voltage source
converter high voltage direct current system to clarify the
mechanism of frequency oscillation. In addition, sequence
impedance model was put forward to develop comparison
analysis of VSG and grid-connected inverters [4]. State-space
model was developed for frequency stability analysis in VSG in
different scenarios, including mechanism of oscillation in
renewable energy generator [5], damping method of low
frequency oscillation in VSG [6], the application of
grid-following distributed virtual inertia [7], and small signal
modeling of grid-tied system [8], [9]. In addition, the impact of
virtual synchronous machine on low-frequency oscillation
(LFO) of power systems was also investigated by state-space
model [10]-[11], where the characteristics of the LFO modes
and the dominant states have been comprehensively in all-VSM
grid. Besides of this, a damping torque model was proposed to
study the Inner Controls Effects of VSG-Controlled Converter
under low control bandwidths and weak grid conditions [12].
The impact of VSG on stability of power system was seen from
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another perspective that the frequency stability assessment of
GF-VSG attached to weak AC network was investigated by
using MPME model [13]. The above literatures reported the
study on the impact of VSG on power systems stability from
various perspectives.

From perspectives of different stability phenomena of VSG,
the research can be classified into rate of change of frequency
(RoCoF) / frequency nadir (FN) issues [9], [14]-[15], [25]-[26],
periodic oscillation [9]-[10], [14], [17], [19]-[23], [29] and its
suppression [5], [7], [16], [19]-[21], [23]-[24], [26]-[27]. In fact,
the periodic oscillation can be regarded as the periodic variation
of RoCoF and FN as both RoCoF and FN are gets higher or
lower depending on divergent oscillation or convergent
oscillation. For an example, a VSG control strategy was
proposed for battery/ultracapacitor hybrid energy storage
system to implement power management of grid-connected
system [15]. The RoCoF declined and FN was improved by the
proposed VSG control. In addition, the require energy of
realization of virtual inertia support was discussed with
considering the multi-timescale stability in renewable energy
generation system [9], where the interaction between DC
voltage and AC frequency was analyzed. The new framework,
which relates RoCoF with FN, was proposed for wideband
stability evaluation in renewable energy generator [22].
Specifically, the mechanism of both oscillation-stability and
synchronous-stability was clarified in details. Furthermore, the
operation region of the VSG was discussed by changing the
virtual inertia factor and virtual damping constant [14].

Besides of RoCoF/FN issues, the wideband oscillation issues
will also impose bad effect on stable and secure operation of
PEDPS. The mechanism of active power allocation as well as
power oscillation in paralleled VSGs was clarified with
different virtual inertia factors [2]. In [10]and [11], the impact
of VSG on the dynamic stability of the power system was
investigated comprehensively. Also, the grid-synchronization
interaction mechanism between VSG and weak power network
was studied by means of the built small signal model [17].
However, the above references have not addressed the issue of
equivalence calculation of inertia and damping, as will be
discussed herein.

To overcome the stability issues caused by low inertia and
weak damping, several control measures have been proposed to
improve stability of the system [13], [15], [18], [20]-[22],
[24]-[26], [28]. For an example, the utilization of potential
inertia stored in battery/ultracapacitor hybrid energy storage
system was proposed to leave RoCoF slower and lessen
frequency deviation [15]. Besides of this, a virtual resistor or
virtual inductor or virtual impedance is usually employed to
dampen synchronous frequency resonance (SFR), considering
the dynamics of the grid equivalent impedance, the mechanism
of SFR and the nonminimum phase effect are revealed
[18]-[21], [28]. In [26], a self-adaptive inertia and damping
combination control of VSG was proposed to support
frequency stability. Even though power system stability was
improved by VSG control strategy [22], [24]-[25], the
grid-integration of VSG may trigger new arisen stability issues
if the parameters are inappropriate. Therefore, a damping

correction loop control is proposed in this research to improve
the damping performance and thus enhance stability of the
GF-VSG system.

To this end, the stability mechanism analysis as well as
mitigation measures have not been discussed comprehensively
in perspectives of support of inertia, damping and
synchronization, which will be filled up in this research. The
main contributions of this research are summarized as follows:

1) A damping correction loop is proposed to improve the
damping and stability of VSG with high ratio of R/X. Besides,
the effectiveness of the proposed control strategy is clarified by
the built small signal model with frequency-domain analysis.
Phase margin increment (PMI) of the system is always
approximately 31 deg in the process of Ry/Xqy growth.

2) The interaction between the reshaped VSG control and
power compensation capacity is clarified in three aspects, i.e.,
damping, inertia, and synchronization of the system. The
proposed control strategy significantly improves both
additional inertia and damping with wide adjustment range.

3) The optimal design of additional damping and inertia
support is provided to suppress the sub-synchronous frequency
fluctuation of the system with satisfying stability margin as
well as good dynamic property. It takes shorter time than we
expect to converge to a steady state when
Tp(s)=(0.8833s+1)/(6s+1) was employed. The power
waveforms, frequency and grid-connected current respond to
their reference change smoothly without any overshoot under
the active power disturbance.

The remainders of this paper are organized as follows. In the
next Section, the operation principle of damping correction
loop is introduced for GF-VSG system. In Section Ill, the
stability analysis of VSG with damping correction loop is
studied comprehensively. Specifically, the inertia and damping
support capability under various operation conditions are
discussed. Besides, the impact of damping and synchronizing
effect is analyzed, and the oriented-design of control
parameters is given. Section IV presents the experiments
validation to verify the effectiveness of the proposed
methodology. Section V draws the conclusion.

Il. GF-VSG SYSTEM DESCRIPTION WITH DAMPING
CORRECTION LOOP

A. System Schematic of GF-VSG

The grid-connected distributed power system based on
virtual synchronous generator control consists of different
components, which include grid-forming inverter, L filter,
power grid and VSG control. The VSG control is introduced to
provide virtual inertia and virtual damping for the distributed
power system with high penetration of RESs. However, the
VSG connected to distributed power system through a large
R/X may result a power oscillation, owning to the interaction
between active- and reactive- power. Based on this, damping
correction loop is designed to be more adaptive to the grid
connected mode under power coupling condition.

The structure of GF-VSG with damping correction loop is
shown in Fig. 1. The GF-VSG is connected to AC power
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system through an L filter, R and L are the internal resistance
and filter inductance, respectively. Rq and Ly represent the
resistance and inductance of AC grid with line impedance,
which can be used to describe the characteristic of the grid
stiffness. The damping correction loop is inserted in the VSG
control to provide additional inertia and damping support
without change the structure of VSG control. iac and eanc are
the three-phase AC current and output voltage of inverter,
respectively. ig, ig, €4 and eq represent the corresponding current
and voltage in dg coordinate system.

labc
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L el
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Fig. 1. Scheme diagram and VSG control of grid-forming inverter.
According to [20], the relationship among the grid current

and voltage in synchronous rotating d-q frame, output voltage

magnitude and phase-angle difference can be written as:

f(i,,8,E) =0

{fz(ii,& E)=0 @)
g,(e;,0,E)=0

{gz(ei,é, E)=0 )

Based on the equations (1) and (2), the active- and reactive-
power loops are coupled with each other in the dg-coordinate
system. The relationship among P, Q, J and E can be written as:

P = 1.5(e,i, +€,i,)G, (s) = hy(5,E) .
Q =15(e,i, —&,i,)G, (5) = h,(5,E)

where P, Q, ¢ and E are the output active power, reactive power,
phase-angle difference and voltage magnitude of the VSG, Gi(s)
is the low frequency.
Then, small signal model of active and reactive power is
established and expressed as:
{ AP = AP, + AP. =G, (S)AS + G, (S)AE @
AQ = AQ; + AQg =Gy, (S)AS + Gye (S)AE

where Gps(s), Gre(s), Gos(s) and Goe(s) denote the transfer
functions of interaction among output voltage magnitude,
phase-angle difference, active and reactive power of the VSG.

To cope with the intractable challenges in frequency and
voltage stability caused by the high permeability power
electronics equipment. VSG control is adopted to improve the
system inertia and damping effectively. The active
power-frequency (P-f) loop and reactive power-voltage (Q-E)
control loop are adopted to regulate the output phase angle and
voltage magnitude of inverter. J, and D, are the inertia and
damping coefficient of P-f loop, and Jq is the control parameter
of Q-E loop. Then, the VSG control can be given by

{Pre, -P= Dp(a)—a)n)+Jpa)n(a)—a)n)S

Qref _Qz‘]q(E_Uref)s (5)

where Pt and Quer are the references of active and reactive
power. w and wy are the angular frequency of the VSG and its
reference value. Uy is the nominal voltage magnitude.

The model is then linearized to derive a small signal model
between active power and the output phase angle, reactive
power and the voltage magnitude of VSG, and the expressions
can be derived as:

G,(s) =AS/ (AP —AP) =1/(J @,s" + D,s)
G,(s) =AE/(AQ —AQ) =1/Js

Comparing (4) with (6), the open-loop transfer function with
the interaction of power coupling can be written as [20]:

Gy opn(8) = G1(5) [_iﬁg)‘;g)g)%)“) ; ep(;(s)} ™
QE 2

(6)

ref

B. Operation Principle of Damping Correction Loop

To eliminate the sub-synchronous oscillation caused by the
power coupling, damping correction loop is inserted in the
VSG control. As illustrated in Fig.1, the damping correction
loop is introduced to modify the virtual inertia and virtual
damping of VSG, which is composed by a typical first order lag
link. The transfer function can be obtained as:

T(s)= nTs+1 (0<n<1) (8)
Ts+1
where T and n are the time constant and lag coefficient of the
first order lag model. The value of maximum-lag angle
frequency wmmax and maximum-lag magnitude Lrmax are
generally determined by the coefficients of T and n, given as:

Oy =1/ TN ©9)
Ly = 201N (10)

T S : :

T 5t

(5]
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Fig.2. Bode diagram of T(s) with different lag angle.
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Fig.3. Bode diagram of T(s) with different lag magnitude.

Keeping the maximum-lag magnitude Lmax constant, Fig. 2
depicts the characteristics of T(s) changes with variation of T.
As the constant time increases, the maximum-lag angle
frequency wrmax Of T(S) decreases accordingly, which mean that
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the characteristics of phase within region of low-frequency
change significantly. Similarly, keeping the maximum-lag
angle frequency wmmax COnstant, as observed from Fig. 3, the
Bode of T(s) with different lag magnitudes have similar
frequency response when wr<0.28 rad/s. However, during the
range of wt>20 rad/s, Lrmaxare -10.1dB, -17.15dB and -22.1dB,
respectively. As the lag coefficient n decreases, the maximum-
lag magnitude Lrmax is gradually raised.

C. Damping Correction Loop Scheme Description

Aiming at the characteristic of VSG control, the damping
correction loop can be described in a 2x1 matrix Teo, i.€.,

T.(9)
Tro = {TQ@)}

where Tp(s) and Tq(s) are the damping correction term in
active- and reactive-power loop, respectively.

With the help of damping correction loop, the
reconfiguration of VSG control is achieved, thus the system
open loop transfer function is available by giving a certain
expression Tpq.

GPiopeniT (S) = Gl(s)[

(11)

_GPE (S)GQ()‘ (S)Gz (S)TQ (5)
1+Gge (5)G, ()T, (8)

Note that the damping correction loop Teq is usually used to
improve the performance of the system phase margin by
decreasing the cut-off frequency of the system. To achieve this
goal, wTmax should be designed less than the system cut-off
frequency w,, resulting in an increase in system phase margin.

According to the above analysis, the requirement of
wtmax<wo/10 should be meet. Then the magnitude of open-loop
transfer function in wen with the damping correction loop is
expressed as follows:

L(@n) = [(REG, oo 1 O], ) + (MG, o ] )" (13)

where won is new cut-off frequency with Tpo.
Therefore, the phase angle increment of the system produced
by Teq can be obtained as:

Ir’n[GpJ)penj (S)] Im[Gpiopen (S)]
Re[Gp_open_T (S)] Re[Gp_open (S)] s=ig

To fulfill the expectation, the damping correction loop
scheme for GF-VSG is necessary. As illustrated in Fig.1, the
controller Teq is added in the power loop. In this part, the
control constructure of damping correction loop is discussed to
clarify the effect of Tpo.

Here, a comparative stability analysis is developed with four
different damping correction loops for selecting the optimal
structure, which aims to attain good stability margins. Fig. 3
gives the frequency response characteristics changes among
different cases with T(s)=(s+1)/(4s+1). In Fig. 4, four cases
were carried out to research the optimal structure of damping
correction loop, which can be written in Tp(s) and To(S).

Case 1: Tp(s)=0, and Tq(s)=0.

Case 2: Tp(s)=T(s), and To(s)=0.

Case 3: Tp(s)=0, and To(S)=T(S).

Case 4: Te(s)=T(s), and To(s)=T(s).

+Gpo~(s>}n (s)(12)

—arctan (14)

5=jo

@, =arctan

The effect of Teq is clarified in this part, a 34.91 deg leading
change of phase margin is achieved after the damping
correction in active power loop is activated. It should be noted
that the stability of the grid-connected system is enhanced more
significantly when the damping correction loop is deployed in
the active power loop. In case 3, the same T(s) is developed in
both active- and reactive-power loop. Comparing to case 2, the
result indicates that To(s) has little help to improve the system
stability with only 0.75 deg increment of phase margin. In
addition, the bode result of case 4 was almost the same as that
of case 2, which indicates that the system stability is guaranteed
only with an active power damping correction.
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Fig. 4. Bode diagram of different types of damping correction loop.

I1l.  STABILITY ANALYSIS OF DAMPING CORRECTION LooOP
FOR GF-VSG

The stability analysis of damping correction loop and design
principle is illustrated in this section. In order to show a
comprehensive discussion of the proposed control, the effect of
synchronization, damping and inertia have been clarified.

A. Impact of Damping Correction Loop into VSG on
Stability Analysis

The angular difference between voltages impacts the system
stability, which is defined by the short circuit ratio (SCR) and
Rgy/Xq ratio. As well-known, SCR is usually used to describe the
grid strength. In recent years, many researches have focused on
the impact of SCR to power system dynamic performance.
Nevertheless, the Ryg/Xy also plays a significant role in the
system stability analysis with damping correction.

To fulfill the desirable damping correction effect, the power
compensation effect is demonstrated in bode diagrams as
shown in Fig. 5 for different Dy, Jp and Rg/Xgy. The robustness
performance with phase margin increment (PMI) in different
Dy, Jp and Ry¢/Xy have been summarized in table I. As observed,
Gp_open(S) and Gy open 7(S) have similar phase-frequency
characteristics in whole frequency band with different D, and
Ry/Xy. However, the magnitude-frequency characteristics are
different except in low-frequency band, the PMI is 21.33 deg at
Dp=94.25 when Tp(s)=(1.25s+1)/(4s+1) is inserted in active
power loop. With an increase in Dp=219.91, the PMI is 32.21
deg. As per Fig. 4(b), stability analysis is developed for various
Jp. Different from D, and Ry/Xg, the characteristics of both
magnitude-frequency and phase-frequency are changed when
Jp raised from 0.01 to 0.25. As for the phase-frequency
response, the characteristics in high-frequency band are almost
unchanged no matter what J, is. In addition, the effect of
damping correction is decreased significantly, but not
abolished completely. According to Fig. 5(c), the magnitude
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frequency response has remained the same for different Rg/Xg.
The relative stability is enhanced with the introduction of
damping correction loop, and similar PMI is observed as Rg/Xq
increasing from 0.3 to 0.5, where PMI is approximately 31 deg.

With Tp(s) —Dy,=94.25 —D,=157.08 D,=219.91
_ Without Tp(s) -~ D,=94.25 -~ Dy=157.08
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Fig. 5. Bode diagram of open loop transfer function with and without damping
correction loop. (a) Changing of D,. (b) Changing of J. (c) Changing of Ry/X,.
TABLE |
PARAMETERS & PERFORMANCE

Phase Margin

Parameter Range increment Performance

94.25 21.33° Good

Dy 157.08 28.17° Excellent

219.91 32.21° Excellent

0.01 29.49° Excellent

Jp 0.05 12.68° Medium
0.25 3.85° Pass

0.3 31.50° Excellent

Rg/Xq 0.4 31.92° Excellent

0.5 31.93° Excellent

To demonstrate the improvement of system dynamic
characteristics, Fig. 6 depicts the bode diagram of Gp_open 7(S)
with variation of Lymax at wtmax>0.4 rad/s. As the maximum-lag
magnitude increases, the magnitude-frequency curve is
gradually declined, and the PMI is increased. Specifically, the
PMI is 29.48 deg at 50.4 rad/s, and increase to 57.02 deg at

16.43 rad/s. Therefore, the additional damping is generated and
the stability is strengthened effectively.
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Fig. 6. Bode diagram of Gy gpen_1(S) With different Lymax.

B. Damping and Synchronization Effect of Damping

Correction Loop

In this section, the damping correction loop provide positive
damping and synchronization to enhance the frequency
stability in difference cases. From physical perspective of
damping and synchronization, the active power is composed of
power-angle related part (PARP) (APs), voltage-coupling
related part (VCRP) (APg) and damping part (APp) [20]. The
open-loop transfer function of the system with damping
correction loop is formulated by (12) in part A, and it can be
represented as

GF,_Open_T (s) =G,(s) _GPE_T (S)GQ(;_T (5)G,(s)

1+Gge 1 (S)G,(9)

where Gps 7(S), Gre_7(S), Gos 7(S) and Goe_7(S) can be given by
GP(S_T (s)= Ges (S)Tp (s)

GPE_T (S) = GPE (S)Tp (S)

GQ&_T (s)= Ges (S)TQ (s)

GQE_T (s)= Gee (S)TQ (s)

From (15) and (16), the damping correction loop can be
recognized as a reshaping part in power coupling. Therefore,
the effect of damping and synchronization obtained from

damping correction loop can be reflected in PARP and VCRP,
which can be expressed as:

he +(8) = ~Gre +(5)Ggs + (8)G;(5)/ (L+ Gee 1(5)G2(9)) (17
h§_T (s)= GPE_T (s)

where APs r and APg 1 are the PARP and VCRP with Teq.

hs 7(s) and he 7(s) are the transfer functions from APs r and

APg 1 to AJ, respectively.

The damping part is only determined by virtual damping, so
the transfer function from total active power with damping
correction loop (APwwi 1) to angle difference (Ad) can be
written as:

+G,, £(5) | (19)

(16)

Notar T (s)= hE_T (s)+ hs_T (s)+hy(s) (18)

Since the scheme of damping correction loop on system
stability is analyzed detailed in section 11, case 2 is selected to
show the characteristic of damping correction. Fig. 7 displays
the bode diagram of the designed h; #(S), he_1(S), ho(S), hiotal_7(S)
and the corresponding active power vector with damping
correction loop, where D,=94.25. From Fig. 7, the vector of
APyl 7 is located in the first quadrant, which means that total
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damping and synchronization component are positive and it
remains in stable region. It is different from traditional VSG
control, which is in the fourth quadrant. The analytical result is
consistent with the purple dotted line in Fig. 5(a).

—hp(s) —— hs1(s) — Ne_1(S)— 7= Miotar_7(S) Ntotai(S)
S m 10 ‘ —

Phase (deg) Magnitude (dB)

50 60 70 80 90100110120
Frequency (rad/s)

Frequency (rad/s)

(@
Aw
AP DT AF>totaI_T
|\> = \—)A&
AP 1
(b)

Fig. 7. Bode diagram and vector diagram with damping correction loop in low
D,. (a) Bode diagram. (b) Vector.

Similar analysis has been performed for high R¢/Xq on the
impact of stability of damping and synchronization. Fig. 8
displays the bode diagram and corresponding vector for
damping correction loop on Ry/Xy=0.5. As per Fig. 8, the vector
of APt 1 move towards the first quadrant with the damping
correction loop inserted. From the view of damping and
synchronization, the damping correction loop reduces the
negative damping originated from strong coupling effect
between active- and reactive-power. In the meantime, the
positive synchronization component is also be weakened, but
the total synchronization part still maintained positive. The
proposed damping correction loop on high Ry/Xgy reflects
satisfactory gain and phase margin in Fig. 8(b), which is in line
with the analysis result in Fig. 5(c).

—~ —hp(s) — hs+(s) — th(S),\_ Niotar_1(S) Ntotal(S)
=200 i O i Il @ 95 I
158
2 15T
c
& RN

S S —

50 60 70 80 90100110120
Frequency (rad/s)

Frequency (rad/s)

(@
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APD_T AP'[OtaLT
. -
R > A
APs 1
(b)

Fig. 8. Bode diagram and vector diagram with damping correction loop in high
R¢/Xq. (a) Bode diagram. (b) Vector.

C. Equivalent Damping and Equivalent Inertia Effect of
Damping Correction Loop

The impact of the proposed correction damping loop has
been researched in equivalent virtual damping and virtual
inertia as well as stability analysis. Since control parameters in
reactive power loop are ultra-insensitive, the influence of
damping correction with To(s) can be ignored as shown in
section I, thus the damping correction loop in reshaping
equivalent virtual damping and virtual inertia can be reduced by
eliminating Tqo(s), as illustrated by

G, 1 (5) = G,(S)T, () = L+nTs (19

(J,@,5° +D,s)(1+Ts)

Fig. 9. Relationship between AE rand Aw_t with damping correction loop.

According to the feedback effect between frequency and
magnitude of VSG output voltage in Fig. 9 [20], the coupling
terms of Mg 1(S) and Ne, 7(S) responding to equivalent
damping and equivalent inertia can be given by

M, ()= A0 - —Gee (5)G, £ (5)s (20)
_ AE_T 1+ Gl_T (S)Gpg (S)
N Ew_T (5) = AE—T _GQJ (S)Gz (S) /s o

Aw ;. 1+G,(5)Gge (5)

where Mg 7(S) and Nes, 7(s) are transfer functions flowing
from AE tto Aw 1 and from Aw 1 to AE 1, respectively.

This part will evaluate the system stability by the negative
feedback-based frequency analytical method. The relationship
of Aw between (i+1)™" and i instant can be expressed as

Gie (5)Gqs (5)Gy 1 (5)G, (5)
146, 1 (5)Gps(5) ][ 1+ G,(8)Ge (5) |

GcoupleiT (S) = [

— Wi - _ 25+l _ 1.25s+1
& Without Te(S) —Te(s)= 55grp & Tol8)="Z5+1
8 100 @ 2 : :
20 ! ;’100 Incresing J, lm?-ng Dy

o] —

2-100 v=-10
-200 520 — —
= I
’§ 0 < \l\] ....... §1§ é{j
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T U 23 ;& -45

10 10° 100 10° 10° 10

20 40 60 80 100 120 140
Frequency (rad/s) Frequeny (rad/s)

Fig. 10. Bode diagrams of Geaupie 1(S) for different Tp(S).

Fig. 10 visualizes the equivalent virtual damping and virtual
inertia of the proposed damping correction loop. A resonance
peak of Geouwle 7(S) IS appeared in the condition of weak
damping without Tp(s), but the damping correction in active
power control loop attenuates the resonance peak, especially
for the negative damping effect caused by the power coupling.
As illustrated, the decrease of lag coefficient n will gradually
enhance the system damping and inertia, thereby indicating that
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the stability of grid-connected system may be improved by the
introduced damping correction loop, reshaping the
conventional VVSG control scheme.

To further identify the equivalent inertia and equivalent
damping created by damping correction loop, the damping
correction is implemented in the active power [23]. The
rearranged G; 1(s) can be decomposed into real and imaginary
components in virtual damping and virtual inertia at critical
frequency w.

Gl_T (S) s=jaw, = GreaI_T (DO ’ ‘] g) + jGimag_T (DO’ ‘] ,?) (23)

where D, and J,° are the initial virtual damping and inertia.

Similarly, the reshaping effect of Tp(s) can be regarded as a
substitution of equivalent damping (6D,") and equivalent
inertia (6J,") compensation. Substituting s=jw., the active
power part of (6) with damping correction loop can be written
as

G,(s) (De,Jp) (24)
where Dy" and J," are the equivalent damping and equivalent
inertia after the introduction of Te(s).

According to (23) and (24), the D," and J," can be calculated
by

s=ja, = Greal (D; ’ J;) + JG

imag

G, ;(DS,39)=G,(D;,J}) (25)
Then the increment of equivalent damping and inertia
provided by Tp(s) can be obtained by
6D; =D} —D;
33 =37-2°
Relative stability analysis with equivalent damping and
equivalent inertia has been explored for different Tp(s). In order
to describe the characteristic of equivalent damping and inertia
provided by Te(s) more intuitively, taking the initial parameters
(Dy? and J0) initialized in (1,1), thus D," and Jp" can be
expressed as per unit value too. Fig. 11 shows vector diagram of
equivalent damping and equivalent inertia for different Tp(s).
When Tp(s)=(0.625s+1)/(8s+1), the equivalent damping and
inertia increases from 1 to 12.35 and from 1 to 16.51,
respectively. There is no doubt that D," and Jp" tend to be
increasing along with the lag coefficient n decreased. As for
Te(s)=(1.25s+1)/(4s+1), Dy is almost synchronized with the
growth of J,". However, with the decrease of n, the deviation of
increasing rate of D," and J," are gradually appeared, which
shows more significant in Jy'.

(26)

o 4 (12.35, 16.51)

if{ — Without Tp(s)

i(z) 7TP(5):1'§5551—1
g (7.06, 7.75) TP(S)ZO'86§?_51+1
41 ﬂ)@u 3.24) —Ty(e=202s
0f 2 4 6 8 10 12 14 Do

Fig. 11. Vector diagram of equivalent damping and inertia for different Tp(s).

What’s more, Fig.11 shows that the corresponding
magnification is about 1/n times the original initial size. Yet it’s
worth noting that the vector formed by updated virtual damping
and virtual inertia to partially moving with further reduction of

n. That is, the virtual damping and virtual inertia increased with
different growth rates of n, the lower n resulted in rapid
deviation of the initial vector.

The effect of synchronization, damping and inertia of
damping correction loop have been validated in the above
analysis. There is no doubt that the updated virtual damping and
virtual inertia tend to be increasing along with the
lag coefficient decreased, and increase simultaneously with the
damping correction loop. Besides, with the proposed damping
correction loop, the synchronization component is reduced at a
certain extent, while the total synchronization effect still
maintains positive.

D. Design of Damping Correction Loop Scheme

In this part, the architecture of Teq is designed to achieve the
desired dynamic performance. Before designing the controller,
it is necessary to reasonably coordinate the positive damping
component and negative synchronization component of the
damping correction loop. Keeping the maximum-lag angle
frequency wmmax a@s constant, vectors of each active power
components are demonstrated for different values of nand T as
shown in Fig. 12.

It is observed that APt for Tei(S) and Teo(s) are located in
the first quadrant, which different from AP0 in fourth
quadrant without Tp(s). From Fig. 12, the damping and
synchronization effect of APtwta are mainly determined by the
magnitude-phase characteristics of hs(s). The damping
correction loop reduce the magnitude and phase of hs(s) at we.
Therefore, the negative damping and positive synchronization
component of AP; are decreased at the same time. In summary,
damping correction loop plays a significant role in the stability
analysis, due to the conflict between positive damping and
negative synchronization of Tg(s), the damping correction loop
needs to be configured with a suitable stability margin.

Aw A

A F)'[otaI_TZ

\A total_T1

Fig. 12. Vector diagrams of APy 1 for different Tp(s).

With the configured positive damping and negative
synchronization, the design and application procedure of the
proposed damping correction loop is illustrated in Fig. 13,
which can be summarized as follows:

(1) Initially, the desired parameter of L-filter should be
determined.

(2) Calculate the initial open-loop cutoff frequenc, according
to the desired phase margin, a phase compensation is set, and
then the updated open-loop cutoff frequency can be obtained.

(3) Display the magnitude (Lt) of open-loop transfer
function at won, thereby parameter n can be determined by
equation (10).

(4) Define wtmax<won/10, and obtain the minimum of T,
calculate the equivalent damping D," and equivalent inertia J,"
then judge whether D, and J," can meet a few key benchmarks
for a preliminary result. If not, increasing n, and thereby obtain
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an updated won.

(5) Obtain the required T and n, and describe the bode
diagram of Gp open_1(S) for phase margin validation, check
whether the phase margin is obeyed. If not, increasing T until
the result is satisfied. Subsequently, describe the
electromagnetic transient of frequency with overshoot f, and
attenuation time t, to achieve the desired dynamic performance,
T and n are updated again until the logicality can be satisfied.

(6) Simulations and experiments for further verification, and
damping correction loop is correct and effective.

3

Obtain the required T and n

describe the open-loop bode
diagram for phase margin

Ug| EododPrl In) Ja
Calculate the initial open
loop cutoff frequency w,
Obtain the new open loop

cutoff frequency w,, based

on the desired+phase margin Describe the electromagnetic

transient of frequency for
overshoot f,, and attenuation time t,

|Disp|ay the magnitude Ly at wunl

s
Increasing based on equ.(10)

n

Define wmax<won/10 and
calculate the minimum of T

Simulations and experiments
for further validation

Damping correction loop
is effective and satisfied

i
Obtain the required T and
calculate the equivalent damping
Dy’ and equivalent inertia J,"

No D, and J," Yes
atisfied?

Fig. 13. Flowchart describing design principle and the implementation of the
damping correction loop.

IV. EXPERIMENTAL VERIFICATION

To further validate the effectiveness of damping correction
loop, experiments are carried out based on the system
schematic shown in Fig. 1. The indices of damping correction
loop are different in following cases, and the details are
introduced in the next corresponding part.

Oscilloscope

W W | NePxieTarget
> 2 “ Real-time Simulation k:‘
/ system v =
{ & ' S

1/0 .

Board !/

NI-PXle Target
Rapid Control Prototype

Fig. 14. Star-Sim experimental setups.

Two variations of R¢/Xq are taken into account to validate the
improved phase margin with the proposed damping correction
loop. Fig. 15 illustrates the experimental results of P, Q, f and
ianc With and without the proposed damping correction loop. At
Ry/Xy =0.108, the system is stable with a good dynamic
response. For the same control parameters at Rg/Xy =0.4, the

system is unstable with negative phase margin of —0.63 deg
which can be found in Fig. 5(c). However, when damping
correction loop Tp(s)=(1.25s+1)/(4s+1) is inserted in active
power control framework, the system stability is enhanced with
an improved phase margin of 31.29 deg, also found in Fig. 5(c)
with yellow dotted line. Based on this, the feasibility and
effectiveness of the proposed damping correction loop was
validated by the experimental results.
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P opHzdv) o f “«—
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ol T witn o=t
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Tek Prevu I 1

o
i

1 with T(s)=
Ry/Xg=0.4
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Ry/X4=0.108 |

(b)
Fig. 15. Experimental results with the proposed damping correction loop under
Ry/Xq disturbance. (a) P, Q, f. (b) iapc.
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Fig. 16. Experimental results without d(ar)nping correction loop. under the active
power disturbance (a) P, Q, f. (b) ianc.

To illustrate the applicability of proposed damping
correction loop for realizing the sufficient damping and inertia
support, Fig. 16- Fig. 18 show the experimental results with and
without the proposed control when active power changes. In
these cases, the ratio of Rg/Xq is set as 0.108 and held constant.
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Initially, the proposed power compensation control is disabled.
It is observed in Fig. 16 that the stability of grid-connected
system is well guaranteed even the controller undergoes a
disturbance with 20% (1kW) active power reference step
changes. Though certain overshoots of 0.5Hz and
sub-synchronous oscillations do exist. About 0.3s later,
sub-synchronous attenuation oscillation disappears in the
waveform of VSG output frequency, powers as well as
grid-connected current.

Tek Prevu [ I 1 |
[200ms/div]
1 RHzdiv] - f '
. 1.255+1
With Tp(s)=
! skwidivi 7 P A )__,,_.‘f'si._l ]
® : Q
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ol >
(a)
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P(8)= 4s+1 i [200ms/d|v]
. i al
[10A/d|v] .7 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Prer =5kW

Pref =6kW

b
Fig. 17. Experimental results with 'Igp()s)=(1.255+l)/(4s+l) under the active
power disturbance. (a) P, Q, f. (b) ianc.

Next, the active power disturbance test is also developed to
validate the stability margin of the system with damping
correction loop. From Fig. 17 and Fig. 18, the active power
reference step from 5kW to 6kW. In these cases, the weak
sub-synchronous oscillation can be mitigated quickly with the
proposed power compensation control and arrived at the steady
state within 0.1s when Tp(s)=(1.25s+1)/(4s+1) as shown in Fig.
17. It should be noted that the selected scheme of Tp(s) for the
system damping correction is effective since the maximum
frequency nadir is only 0.15 Hz which does not exceed the
allowable limit (£0.2 Hz).

To further evaluate the equivale ent damping and inertia
emulation with consideration of the damping correction loop,
Fig. 18 shows the dynamic response of P, Q, f and ianc under the
active power disturbance. Similarly, it takes shorter time than
we expect to converge to a steady state. When
Tr(s)=(0.833s+1)/(6s+1), the fluctuation of power, frequency
and grid-connected current respond to their given reference
smoothly with little or no overshoot. Therefore, the stability of
the system has been improved significantly, and the damping
correction effect is validated. From Fig.16- Fig.18, there was
little change in reactive power when 20% active power
reference step change. The deviation of reactive power was
caused by the coupling degree between active- and
reactive-power. As the ratio of resistance to inductance is small,

the reactive power would converge to 0 Var without any
steady-state error.

TekPrew [ = i ] = \
B _ _ _[200ms/div]
i Hzdiv] 7 —
. . 0.8335+1
- With Tp(s)=—F7——
kw7 A= "Eer1
ol - ot
} iskvardiv] 7
Prer =5KW Prer Z6KW
« |« >
(@)
TekPrew | 1 I
- With Te(s)= 0'8633‘?1 1 o
S . [200ms/div]
llabc «—
[10A/div] B
il |
4 e
Pref—5kW I P,—efZGKW
h i

b
Fig. 18. Experimental results with T£(5))=(0.8335+1)/(65+1) under the active
power disturbance. (a) P, Q, f. (b) iapc.

The above experimental results suggest that the proposed
generic power compensation control plays a significant role in
the stability of the system and a satisfactory stability margin is
achieved with damping correction loop

V. CONCLUSIONS

In this paper, a damping correction loop based on VSG for
grid-connected power converter with high penetration of RESs
is proposed to provide additional damping and inertia support.
Sub-synchronous oscillation caused by the active- and
reactive-power coupling in weak damping condition has been
suppressed. The conclusions are summarized as follows:

(1) The scheme of damping correction loop is investigated,
and the system stability margin can be guaranteed well only
with damping correction in active power control loop. The
proposed control method can be easily implemented and
applied to various operating conditions.

(2) The damping correction loop reshapes the damping and
synchronization of GF-VSG from the fourth quadrant into the
first quadrant within the sub-synchronous frequency band
under high Rg/Xy and weak damping condition. From another
aspect, the equivalent damping and inertia provision ability are
enhanced after the damping correction loop is inserted.

(3) The negative damping effect has been removed by the
proposed damping correction loop, and the frequency nadir and
rate of change of frequency can be limited within the frequency
thresholds under system disturbance. In addition, the reactive
power converged to 0 Var without any steady-state error under
various cases. Experimental results validate the effectiveness of
the damping correction loop for improving the dynamic
performance of the GF-VSG.
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