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Capability of Energy Storage System based
Supplementary Damping Control to Suppress
Power System Inter-area Oscillations

W. Du, H. F. Wang (SMIEEE), J. Cao and L Xiao

Abstract — In order to understand how an energy storage system
(ESS) based supplementary damping control (stabilizer)
suppresses power system inter-area oscillations, this paper
proposes a tie-line power variation related ESS linearized
dynamic model. This model describes the direct contribution from
the ESS control to the small-signal variations (oscillations) of the
tie-line power. Based on the model, a general conclusion is
established to assess the capability of the ESS based stabilizer to
affect the damping of inter-area power oscillation. Analysis based
on the general conclusion explains why the robustness of the ESS
stabilizer to the variations of tie-line loading level is different
when it is implemented by regulating either active or reactive
power exchange between the ESS and the power system. A new
method to design the ESS stabilizer is developed from the tie-line
power variation related ESS linearized dynamic model and the
established general conclusion. The design is simple and localized
because it relies only on the proposed tie-line power variation
related ESS linearized model without the need to be referred to a
mathematical model of whole power system. In the paper, results
of computation and simulation of an example power system
installed with a battery energy storage system (BESS) are
presented.

Index Terms - energy storage system (ESS), battery ESS, inter-
area power system oscillations.

I. INTRODUCTION

N energy storage system (ESS) can function not only by
regulating its reactive power exchange with a power
system as a FACTS controller does, but also through
directly injecting or absorbing active power into or from the
power system instantaneously. Hence the ESS is considered to
have significant potential to improve power system stability,
including to enhance the damping of power system
oscillations. There are four types of ESSs which can assist
power system dynamic operation. They are superconducting
magnetic energy storage systems (SMES), battery energy
storage systems (BESS), advanced super-capacitors (ASC) and
flywheel energy storage systems (FESS) [1].
Capability of SMES based supplementary damping control
to suppress power system oscillations has been well
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demonstrated via modal computation, simulation, experiment
and field tests [2]-[6]. Integrated use of FACTS controllers
and ESS units to improve power system oscillation stability
has also been investigated. It is now well accepted that
addition of ESS units can provide the FACTS controllers extra
ability of active power modulation such that better control
performance can be achieved [7]-[9]. BESS based stabilizer
(BESS PSS) has been demonstrated by field tests [10]. Though
there have not been many publications on the FESS and ASC
based stabilizers, it can be expected that they should be able to
function as effectively as the SMES and BESS stabilizers if
their applications in power systems are cost-effectively
feasible in future.

This paper studies the capability of an ESS based stabilizer
to suppress power system inter-area oscillation. The focus of
discussion is to understand how the ESS stabilizer provides
damping to inter-area power oscillation. In order for the
discussion to cover four main types of ESSs, it is considered in
the paper that the ESS is connected to a multi-machine power
system through a DC/AC voltage source converter (VSC). The
paper considers two types VSC control schemes for grid
connection, the pulse width modulation (PWM) and the pulse
amplitude modulation (PAM). A tie-line power variation
related ESS linearized dynamic model (TPVELDM) is
proposed in the paper to show the contribution from the ESS
to the small-signal variation (oscillation) of tie-line power. A
general conclusion on how the ESS based stabilizer affects the
damping of power system inter-area oscillation is established
by using the linearized equal area criterion. Based on the
TPVELDM and the general conclusion established, a method
for the design of the ESS based stabilizer is proposed. This
method is simple because stabilizer design is carried out by
use of the localized TPVELDM without the need to be
referred to a mathematical model of the whole power system.
In the paper, robustness of the ESS based stabilizer to the
variations of tie-line loading level is examined. It is concluded
that the ESS based stabilizer through directly regulating the
exchange of active power is more robust. An example power
system installed with a BESS based stabilizer is presented.

II. TIE-LINE POWER VARIATION RELATED ESS LINEARIZED
DYNAMIC MODEL

Figure 1 shows an ESS installed at a node along a tie line
from node A to B in a multi-machine power system. The ESS
is of a two stage configuration of power electronics for grid



connection which is commonly used for the SMES and BESS
[11]. The second converter is for enhancing or regulating the
output from the energy storage unit, i.e., the battery or
superconducting coil. This two stage grid connection can also
be employed by the FESS, where the second converter is a
AC/DC converter [12]. Obviously without the second
converter (/,;., =0), it can be a single-stage configuration for

the ASC and BESS. Hence the two-stage configuration can
represent the main four types of ESSs.

‘ A multi-machine power system ‘
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Figure 1 An ESS installed in a multi-machine power system

Voltage at the ac terminal of the DC/AC converter is [11]

Ve =mkV, Ly =mkV, Lo+ (D
where k is a constant dependent of the structure of the DC/AC
converter, V. the dc voltage at the dc terminal of the DC/AC
converter. Modulation phase, ¢ , is the phase difference
between V. =V,.Zy and Vg =V L@, ie, ¢=y—¢. If the
DC/AC converter is controlled by the pulse width modulation
(PWM) control, m and ¢ is the modulation ration and phase
of the PWM respectively. If the control algorithm of the
DC/AC converter is the pulse amplitude modulation (PAM),
m=1.

The active power exchange between the ESS and power
system is

Vd(' Ia'cl = Isd‘/cd + I.vq‘/cq = I.m' mkvdc COos ¢ + qumkvdc Sin ¢
where subscript d and q denotes the d and q component of the
corresponding variable respectively in the d-q coordinate of
the ESS as shown by Figure 2. Hence

. 1
Vie = i +14)
Cdc
{ 2
= C—(—Isdmk cosp—1 mksing+1,,)
dc
Linearization of Eq.(2) is (see Appendix 1)

Al
k, A+ Dz 3)

de
where k, is a constant.

sA4vV, =

There have been various current, voltage or/and power
control based schemes proposed so far to implement the PWM
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or PAM for the DC/AC converter [11][13]-[15]. Without the
loss of generality of discussion and affecting the demonstration
to develop a tie-line power variation related ESS linearized
dynamic model (TPVELDM), the following AC and DC
voltage based control functions are considered for the PWM
algorithm [11]

m=my+ Kuc (S)(Vsref _Vx )+ Upss—m (4)

¢ = ¢0 +ch (s)(vdcref _Vdc)+upss—f (&)
where K,.(s), K, (s) is the transfer function of AC and DC

voltage controller of the DC/AC converter; u and u

pss—m pss—f
is the supplementary damping control signal superimposed on
the AC and DC voltage control function respectively. Because
the ESS supplementary damping controller associated with

Uyg—m and wu,. . is implemented through regulating the

exchange of reactive and active power between the ESS and
the power system, it is named as ESS reactive power PSS
(power system stabilizer) and active power PSS in this paper.

q \_,C

0 vy

Figure 2 Phasor diagram in the d-q coordinate of the ESS

Voltage based control scheme to implement the PAM
algorithm for the DC/AC converter is [11]

1 1
¢ = ¢0 + Kl (Y)[Z KZ (s)(Vsref _Vx + U pss—pam ) +var{§f _Vdc] (6)

where u

pss—pam 18 the supplementary damping control signal;
K,(s) and K, (s) the transfer function of two controllers.

From Appendix 2, linearization of Eq.(4)-(6) can be
obtained to be
K, () (WAV,. +hy AP+ hy Ay + hs AV, + ho AVy)

an=s 14 1,K 1 (5)
+ (S
% ac (7)
1
t————4u SS—1
1+mK,.(s) "
A¢ = _ch (S)Avdc + Aupssff
Ag= =K, ()K, () (hy A 4 + hs AV, + hg AV )
k+ MK, ()K,(s) @)
N K, (5)K,(s) _ K (9K, ()l + kK, (5) AV
k+K (K, () PP k4K (9K, ()  ©
From Figure 1 it can have
I
Vi =Xyl p +Vy = jX plI, —(— N+V,
N
)
- X - X. -
= JX 1y, _X_SBVS +F Ve +Vy

S S

That gives



-z _ JX X % v,

Vi=—"3_1 + B + (10)
X As X C X
1+—5 X A+22) 1+—5
X X X,
Hence it can be obtained that
— - = X
% X 1, +V=j(X,, + 5B
J As ( As X X )Av
X — X —
By, v, (11)
X, +X X. +X
= jXI, +V
where
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Figure 3 Phasor diagram in the X-Y coordinate of the power system

From Eq.(11) and the phasor diagram of Figure 3, the active
power delivered from node A along the transmission line can
be obtained to be

P, =msin o' =£(bVB sind,, +akmV,_sin y)
X
_v V., (12)
4 bV sind,, +—= akadC sin(@+¢)
Hence small-signal variation of tie line power is
oP a oP oP
AP, = AA5 AAV AAV+ — A
99, av av, o1/
oP, oP oP,
+—AAVdC s gy % Ap (13)
v, om ¢
Obviously Eq.(13) can be denoted as
oF BF
APA (Z uess ) ( uess) uess
oz At (14)
= AP, (Az) + AP, (4u,,)
where
2=[48,, av, av, A¢| ,u, =[aV, 4m Ap] and

AP, (M) is the direct contribution from the ESS to the

variation of tie line power. From Eq.(12) and (14) it can have
AP (M) = F, AV, +F, Am+ F,A¢ (15)

where

Vv
F, =7Aakm0 siny,, F, =

c

v, .
—akaL.0 sin y,,

Vv
F, = YAakmonco co8 %,

Aup 1 Am
1-h,K,.(5) ?’ @
K. (s)
1-h,K,.(s)

Figure 4 Tie-line power variation related ESS linearized dynamic model
when the PWM is used
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Figure 5 Tie-line power variation related ESS linearized dynamic model
when the PAM is used

Figure 4 is constructed by using Eq.(3), (6), (7) and (15),
showing the ESS direct contribution to the variation of tie-line
power when the PWM control is implemented by the DC/AC
converter. Figure 5 is built from Eq.(3), (8) and (15) about the
ESS direct contribution to the variation of tie-line power when
the PAM control is used for the DC/AC converter
(4m=0,C,=0). They are named as the tie-line power

variation related ESS linearized dynamic model (TPVELDM).
It is used to examine how an ESS based stabilizer provides
damping to suppress the tie-line (inter-area) power oscillation
(variation) in the following section.

III. CAPABILITY OF ESS BASED STABILIZERS TO DAMP INTER-
AREA POWER OSCILLATIONS

According to the superimposition principle of linear
systems, from Figure 4 and 5 it can have

AP (M, )= AP, , (Az)+ AP, (Al ,)

+AP, (4u,,, )+ AP, (du,, ) (16)
AP, (M, )= AP, , (Az)+ AP, (A1) an
+AP, (Au,,_..)



where AP, (Az) , AP,(Al,,) , AP, (Au, ), AP, (du, )
and AP, (4u, ) is the direct contribution to AP, (4u,)
from Az , Al,, , Au, , ., Au, , and Au,

respectively. Direct damping contribution to the tie line power
oscillation from an ESS based stabilizer can be examined by
using the following general conclusion.

Conclusion: Decomposition of direct contribution from the
ESS based stabilizer to the variation of tie line power in

AS,, — AS,, coordinate is,

APA (AM ) = CpssA§AB + Dp.m'Aa'AB (] 8)

Pss
where C, and D, are two constants, A5AB denotes the
A
Au If and only if D, >0 , the ESS based stabilizer

pss—pam *

time derivative of Ad,, and Au, =Au or

pss—m

provides positive damping to the tie-line power oscillation.
The bigger D, is, the more damping is provided.

Without loss of generality and affecting the establishment of
the above general conclusion, it is assumed that the power
oscillation along the transmission line is not affected by any of
other system variables, that is, in Eq.(14), (16) and (17)

AP, (Az)+ AP,_, (Az)+ AP, (Al,.,)=C,,,.A49,, (19)

other
is a constant. Hence from Eq.(14), (16)-(19) it

can be obtained that when one ESS based stabilizer is
considered

APA = (Colher + Cpss )A§AB + DpssAé‘AB

=CAS,,+D, AS,,

Figure 6 shows the linearized P, -0,, curve where

where C

other

(20)

(8,450 Pyy) 1s the operating point of the power system at
steady state. Small-signal oscillation of AP, starts from point
‘a’ in Figure 6(a) with the operating point moving down. If
DWAd'AB =0 (ie. D,, =0), the operating point moves down
along the line AP, =CA43J,, .

criterion, the operating point stops at point ‘f” where the area
of triangle ‘ade’ is equal to that of ‘dgf’. This is the case that
0451 — 0,450 = 0450 — 0,5, and no damping is provided to the

According to the equal area

power oscillation along the transmission line.

When D, >0 and the operating point moves down
( 46,,<0 ), D, A5, <0 wil be added on the line
AP, =CA8,, as shown by Eq.(20). Hence the operating point
should move down below line AP, =CA40,, along the
highlighted trajectory shown in Figure 6(a). Obviously the
operating point only stops when the area of A, is equal to that
of A, at point ‘c’ where 43,, =0 (hence DPSSA5AB =0).
Obviously, this is the case that J O,y >0 1)

AB1 — YaBo AB0 ~ YaB2 and

the power oscillation is damped due to the contribution from
D, AS,, .

Similarly, when D, >0 and the operating point moves up
from point ‘¢’ (Aé'AB >0), Dm\,A5'AB >0 is added on the line
AP, =CA468,, .
along the highlighted trajectory above line AP, =CA4J,, as it

Hence the operating point should move up

is shown in Figure 6(b). The operating point only stops at
point ‘h’ where the area of A, is equal to that of A,. This

leads to that & 0,0 <O )

53 — Ouso < Oupo — Oupy» that is, the oscillation is

damped because D, >0. Obviously, the bigger D, is, the

more damping is provided.

direction of AP5<0
APA=CA3ap )z

Sy

SABZ' 5ABQ

Figure 6(a)
AP, A=C A AB+ADpSSA5 AB

direction
of APA>0

6AR()

Figure 6(b)
Figure 6 Graphical explanation of the Conclusion

Remarks:
1. Eq.(18) is quite similar to the decomposition of electric
torque in the damping torque analysis, which has been well



understood and used for studying power system oscillations
and control [16]. However Eq.(18) is different because it is
not related at all to the concept of damping torque. The
conclusion is graphically established only on the movement
of power system operating point on the linearized P, —J,,
curve. Hence it is general and simple as well as obviously
easy to be understood in a multi-machine power system.

2. From Figure 6 it can be seen that as far as the movement of
power system operating point is concerned, the direction of
A8, is that of AP,. Hence if the ESS based stabilizer is
designed to ensure that

AP (du, )=C, AS,, +D

pss pss AB pss—p

APA and D

damping effectiveness is guaranteed.

>0 (21) its

pss=p

Au 1 Am APA(upss—m)
— > ——++———> E,
1-h,K_(s) IIII

Figure 7 TPVELDM for ESS based reactive power PSS when the PWM is
used

Figure 7, 8 and 9 shows the TPVELDM only considering
damping contribution from AP, (4u, ), AP, (4u, ) and

AP, (Au ) respectively. For the ESS based reactive
power PSS when the PWM algorithm is used, if A4m in Figure

pss—m

pss— pam

7 is decomposed in A9, — ASAB coordinate to be
Am = Cpss m 'AJAB + D AJAB
from Figure 7 and Eq.(15) it can have

pss—m

v,
D, =FD = akaCQ sin y,D

pss—m

(22)

pss—m

From Figure 3 and Eq.(22) it can be seen that at a higher
loading condition of the tie line, ¥, and hence D, is bigger.

This means the ESS based reactive power PSS is more
effective to suppress the tie line power oscillation at a higher
loading condition of the tie line.

In the case of the ESS based active power PSS when the
PWM control is implemented, if in Figure 8 the decomposition

of Am , AV, and A¢ in A8, —AS,, -coordinate
respectively is

Am = Cpss—fmAJAB + Dpss—fmA5AB

Avdc = pss fde5 + D pss— fchéAB

A¢ pn A5AB +Dp&xfﬁ‘A§AB

from the above decomposition, Figure 8 and Eq.(15) it can
have
D, =F,D

+F,D, ., +FD

pss— fm dc ™ pss— fdc pss—ff
v, . .
- ?ak(vdv() sin 7/0Dpssffm + m, s 7/0Dpss7fdc (23)
+m()vdc0 Cos }/UDpssfff)

Because when the loading condition of the tie line increases,
sin y, increases but cos ¥, decreases in Eq.(23), it is highly
possible that the effectiveness of the ESS based active power
PSS does not change much. Hence the robustness of the ESS
based active power PSS to the variation of tie-line loading

5

conditions is expected to be better than the ESS based reactive
power PSS. The same conclusion can be drawn from Figure 9
for the ESS based PSS when the PAM control is used by the

DC/AC converter.
Am

Ko ()
1-h,K.(5)

u ) . .
A

Figure 8 TPVELDM for ESS based active power PSS when the PWM is used

AP, (u

pss p!m

K (9K, () | _* QA

k+h,K, (9)K,(s) _ < S

k+h,K,(s)K,(s)

Figure 9 Tie-line power related linearized model for ESS based stabilizer
when the PAM is used

From Figure 7, 8 and 9 it can have
AP, (Au,) = F(s)Au,,,
= AM pss—f
previous Remark 2, an ESS based stabilizer can be designed to

satisfy the following equation
AP, (Au, ) = F(s)Au,,

pss pss P

(24)

or Au According to

where Au, Au pss—pam -

pss—m?

sAP,(D, _ >0) (25)

to ensure that the tie-line power oscillation is suppressed
effectively by the stabilizer. Hence if the local signal of
variation of tie-line active power AP, is used as the feedback

pss=p

signal of the stabilizer and the transfer function of stabilizer is
constructed by a lead-lag network which is normally used by a
conventional PSS (power system stabilizer), it can have

_ sT, 1+sT, 1+sT,
" ST, 14T, 1+ 5T,

Parameters of the ESS stabilizer can be set at the angular

Au

AP, (26)

oscillation frequency of the tie line active power, @, , to satisfy
the following equation
T, 1457, 14T,
F()K, —mw "5 T8 _p @7

pss—mp

" 1+5T, 14T, 1+ 5T,
with s = j@, . Obviously this method proposed to design the

ESS based stabilizer is only based on the TPVELDM. Hence
this is a very simple localized method to set parameters of the
ESS based stabilizer to suppress inter-area power oscillation. It



does not reply on a linearized model of the whole power
system.

IV. AN EXAMPLE POWER SYSTEM INSTALLED WITH A BESS

Rosss gy oy
iy
Viess _|i TV« T Ce

T
3

T
A battery energy storage system m

Figure 10 A two-area power system installed with a BESS

Figure 10 shows the configuration of a four-machine two-
area power system, where a BESS is installed at node 6 along
the tie line connecting two areas of the power system. This is
the example power system (without the BESS installed)
proposed in [17] for the study of power system inter-area
oscillations. It has been used as an example power system to
demonstrate the suppression of power system inter-area
oscillations [18][19]. Mathematical model of the BESS

Viess —Vae
proposed in [20] is adopted with [,, =—22— where the
bess

equivalent resistance R, represents the power loss inside the

bess

BESS [20]. Parameters of the example power system are given
in [21].

4.1 Design of the BESS based stabilizers
At a steady-state operating condition of the power system

when P,, =600MW,S,,, =42°,%, =21°, the TPVELDM is

established. In order to demonstrate both cases of the PWM
and PAM control algorithm, two TPVELDMSs of Figure 4 and
5 for the BESS are derived (although in practice the BESS can
only adopts one control algorithm). From the TPVELDMs,
transfer function F(s)in Eq.(24) is calculated for three types

of the BESS based stabilizers

(1) BESS based reactive PSS (PWM);

(2) BESS based reactive power PSS (PWM);
(3) BESS based PAM stabilizer;

Finally three types of the stabilizers are designed by use of
the method proposed in the above section according to
Eq.(27). In Appendix 3, parameters of the linearized models
and the stabilizers set are given.

Figure 11 present the results of non-linear simulation of the
example power system with and without the BESS based
stabilizers installed when the system is subject to a small
disturbance (1% increase of mechanical power input to G4 for
100 ms. at 0.2 second of simulation). Table 1 gives the results
of computation of system inter-area oscillation mode.

6.01r PA(100MW)

— without PSS

— with active power PSS (PWM)
with reactive power PSS (PWM)
with PAM stabilizer

6.008[
6.006[
6.004

6.002

5.9987 |
5.9967 |
5.994 |l |

5.992[ |}

5.99

Time (second) 10 15

Figure 11 Results of non-linear simulation when the system is subject to a
small disturbance

Table 1 Inter-area oscillation mode of the example powers system

Without any BESS based stabilizer -0.09489+ j3.411

With BESS based reactive power PSS | -0.3064 + j3.083

With BESS based active power PSS -0.3345 + j3.253

With BESS based PAM stabilizer -0.4672 + j2.877

6.008 T
PA(100MW)
6.006
6.004
6.002

6
5.998

5.996

5.994

5.992

8pp(radian)

5.99

L L L L L
0732 07325 0.733 0.7335 0.734  0.7345 0735  0.7355

Figure 12 Trajectory of movement of system operating point in the
P, -0, coordinate when the system is with the BESS reactive power PSS

From Figure 11 and Table 1 it can be seen that all three
types of BESS based stabilizers are designed successfully by
using the proposed method to effectively suppress the inter-
area power oscillation. As an example, only the trajectory of
movement of system operating point in the P, —J,, coordinate

when the power system is subject to the small disturbance and
with BESS based reactive power stabilizer installed is given in
Figure 12. It is exactly as same as predicted by the analysis
shown in Figure 6.

4.2 Robustness of the BESS based stabilizers

Effectiveness of the BESS based stabilizers designed above
is tested at a lower tie-line loading condition of the example
power system with P,, =300MW,J,,, =18°,%, =14°. Figure
13 shows the results of non-linear simulation when the system
is subject to the same small disturbance. Table 2 is the results
of computation of system inter-area oscillation mode. From
Figure 13 and Table 2 it can be seen that at the lower tie-line
loading condition, the BESS reactive power PSS cannot
effectively suppress the inter-area oscillation any more. The
robustness of the BESS based active power PSS and PAM




stabilizer is better than the BESS reactive power PSS, exactly
as it is predicted by the analysis in the previous section.

without PSS

with active power PSS (PWM)
with reactive power PSS (PWM)
with PAM stabilizer

PA(100MW)

3.015]

3.01

3.005

2.995

2.99

2.985
0 5 10 15

Time(second)

Figure 13 Results of non-linear simulation when the system operates at a
lower tie-line loading condition and is subject to a small disturbance

Table 2 Inter-area oscillation mode of the example powers system at a lower
tie-line loading condition

Without any BESS based stabilizer -0.0783 £j3.648

With BESS based reactive power PSS | -0.1063 +j3.051

With BESS based active power PSS -0.3113£;3.479

With BESS based PAM stabilizer -0.3753 £ j3.136

V. CONCLUSIONS

In order to investigate how a ESS based stabilizer
contributes damping to suppress power system inter-area
oscillations, this paper proposes a tie-line power variation
related ESS linearized dynamic mode (TPVELDM) which can
clearly show the direct contribution from the ESS to the tie-
line power variations (oscillations). The paper then establishes
a general conclusion about how the tie-line power oscillation is
damped as far as the contribution from the ESS is concerned.
Based on the TPVELDM proposed and the general conclusion
established, a new method is proposed to design the ESS based
stabilizers to effectively suppress power system inter-area
oscillation. By using the method, the ESS based stabilizer can
be designed without the need to be referred to a mathematical
model of whole power system. Hence the new method
proposed is simple and localized.

Another major contribution of the paper is the examination
of the robustness of the ESS based stabilizers to the variations
of tie-line loading conditions. Analysis indicates that the ESS
based stabilizers via regulating active power exchange
between the ESS and the power system, i.e., ESS active power
PSS and ESS PAM PSS, is more robust than the ESS based
reactive power PSS which controls directly the reactive power
exchange between the ESS and the power system. This is
because ESS active power PSS and ESS PAM stabilizer
suppress the inter-area power oscillation directly by absorbing
active power from or injecting it to the power system when
they “see” the excess or lack of active power delivered along
the tie line. Their capability to damp the tie-line power
oscillation is not affected much by the tie-line loading
conditions. The ESS reactive power PSS regulates its

exchange of reactive power with the tie line to affect indirectly
the variation of active power delivered along the tie line. At a
higher tie-line loading condition, regulation of reactive power
exchange is related more closely with the variation of tie-line
active power. Hence the ESS based reactive power PSS is
more effective in damping the inter-area power oscillations.

In the paper, an example power system installed with a
BESS is presented. Results of numerical computation and non-
linear simulation demonstrate and confirm all analytical
conclusions obtained and effectiveness of the method
proposed in the paper to design the ESS based stabilizers.
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APPENDIX 1
From Figure 1 and 2 it can have ‘Z = ij\_ +\7\ which can give
V_sing V.—V._ cos¢
W=l = (AD

There is no exchange of active power between the ESS and power system at
steady-state operation, i.e., ¢ =0 . Hence 7 ,, =0 and

A mkV, sing _ ksin @, (

Aal, =
sd % X

Vodm+myAV, )
MykV,0 €O ¢y Mk Vi Veo

Ap= Ap=—"4
X ¢ X ¢ X, ¢

s s 5

s
+

I sq0 =

By using the above equation, linearization of Eq.(2) can be obtained to be
1
C

dc

—mgk cos Al , —moksing Al +Al,.,)

AV‘,[_ = [=1 0 (k cos @ Am — mok sin g AP) — 1, (k sin ¢ Am + myk cos ¢, AP)

1
=—(-I
c, ¢

dc

sq

oMok AP~ mok%ﬁw +4l,,)= CL (_mok%A¢ +41,,)

dc

Appendix 2
From Figure 1 and Eq.(11) it can have

V= jX Uy, + L) +V, ==XI, +V,cos 8™+ jXI, + jV,sind’  (A-2)
where subscript x and y denotes the x and y component of the corresponding

variable respectively in the x-y coordinate of the power system as shown by
Figure 3. From Eq.(A-2) it can be obtained

V sind' V coso'-V,
Asx = < X shpgy = < X 4 (A-3)
Because
‘7/4 = jXA,xTA,s + ‘7‘ =X Uy + jIA.s)')_ Xy +V, + j‘/,sy (A-4)

it can be obtained from Eq.(A-3) and (A-4) that

V,cos0'-V, X

X-X
Vi=V,i+X, IA.‘y =V, + X, %Va cosd'+ (TM)VA

X
=X (bV, cosd,, +akmV,, cosy)+ (ﬂ)VA
X X
ind' X
V==X, I, =X, VS;(—“ =BV, sin 8, + akmV, sin)
(A-5)
Because

V=V, V==X 1, +V, ==X (I + jl,)+V.cos y+ jV.siny (A-6)

it can have
V. siny-V_ V. =V _cos
PG ALY S et 4 (A7)
X& i X&
Linearization of Eq.(A-5) is
AN =a, 'V, +a, 'An+a, 'Ay+a, 'AS,, +as ' AV, +a AV, (AB)

AV, =a, AV, +a, ' An+a, 'Ay+a,, A, +as AV, +ag AV,

Because the modulation phase, ¢, is the angle between \Z and \Z , as given

in Eq.(1), that is

2%
y=¢@+arctan” —

(A-9)

from Eq.(A-8) and (A-9) it can have

Ay=Ap+a,' AV, +a,' Am+a,' Ay+a,' A,y +a;,' AV, +a,' AV, (A
10)
That gives

Ay=adp+a AV, +a,An+a,Ad,, +a;AV, +a, AV, (A-
11)
By substituting Eq.(A-12) into (A-8) and (A-9) it can be obtained that

AV =a, AV, +a, An+a, Ap+a, A8, + a5, AV, +a, AV, A

AV, =a, AV, +a, Am+a, Ap+a, A8, +a; AV, +a, AV, @
12)
From Eq.(A-12) it can have

AV, = h AV, +h,Am+ h AP+ h,AS,, + h AV, + h, AV, (A-
13)
Appendix 3 Design of ESS based stabilizers
For the BESS, it can have
al,, = _L av,

bess
| R 1R
Hence block — in Figure 4 and 5 should be replaced by <2 — where
s Cchstxs + 1

R, =0.01
1. Parameters of the TPVELDM of Figure 4 when the PWM is implemented

K, (9=01+28 & (9=02+2;
s K

hy =0.0891; b, = —0.4508; 1, = 0.0; h, = 0.0055; b, =0.9016; /5, = 0.0062;
k, =97.7244F, =-2.7360; F,, =—~0.5409; F, =97.0570

m

2. F(jw,) (@, =3.411) for the design of the BESS active power PSS

F(jw,)=69.87+ j9.077 =70.46£7.4°

Parameters of the BESS active power PSS

K, =0.0001898;7, =3.309s.;T, = 0.4s5.;T, =3.309s.;T, = 0.4s.

3. F(jw,) (w, =3.411) for the design of the BESS active power PSS

F(jw,)=-2.403+ j0.5417 =2.464.£167.39°
Parameters of the BESS reactive power PSS
K, =0.05414,T =0.07918s.;T, =0.45.;T, = 0.07918s.;T, = 0.4s.

4. Parameters of the TPVELDM of Figure 5 when the PAM is implemented
0.5

1
K (s)=01+—;K,(s)=—;
s s
hy =0.4618;h, =0.0;h, =0.0295; hy = 0.4753; h; = 0.0373;
k, =94.0499; F, =-2.8571;F, =87.1842
5. F(jw,) (@, =3.411) for the design of the BESS PAM stabilizer

F(jw,)=3.308+ j3.017=4.478.242.4°
Parameters of the BESS PAM stabilizer
K, =0.05951,7, =1.328s.;T, = 0.4s.;T, =1.328s.;7, = 0.4s.
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