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Abstract—In recent years, ultra-low frequency oscillations
(ULFOs) have occurred in power systems with a high proportion
of hydropower, which seriously threatens the system stability. With
the rapid increase of the proportion of photovoltaic (PV) plants
in the power grid, it is feasible to use the regulation ability of
PV plants to suppress ULFOs. First, the inadaptability of the
traditional Phillips—Heffron model in the analysis of ULFOs is
pointed out. Second, a frequency response model of hydro-PV in-
tegrated systems is established, and a PV supplementary damping
control method for suppressing ULFOs is proposed on the basis
of this model. Third, the frequency response model is extended to
multihydropower and multi-PV systems, and the supplementary
damping control parameters of multiple PV plants are designed
collaboratively. Finally, time-domain simulation and experimental
results validate the effectiveness of the proposed method.

Index Terms—Damping torque, frequency oscillation, hydrop-
ower generator, photovoltaic (PV) plant, primary frequency
control, ultra-low frequency oscillation (ULFO).

I. INTRODUCTION

N RECENT years, renewable energy has developed rapidly
I in the world. The multienergy complementary system can
take advantage of the combination of different resources
to promote the consumption of renewable energy [1]. The
hydro-photovoltaic (PV) integrated system is a common form
of multienergy complementary systems [2]. Through the
complementarity of hydropower and PV, the volatility and
schedulability of the overall system output power can be re-
duced and increased, respectively. As a result, the consumption
capability of PV can be improved.

However, in a system with a high proportion of hydropower,
the “water hammer effect” of the hydropower generator and an
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improper setting of its governor parameters will impose negative
damping to the system, resulting in ultra-low frequency oscil-
lations (ULFOs) with oscillation frequency lower than 0.1 Hz
[3]. ULFO is different from the traditional low-frequency oscil-
lation (LFO). Recently, ULFO has occurred in China, Tiirkiye,
Colombia, and Northern Europe [4], and it seriously threatened
the secure operation of the power system. So far, some research
works have been carried out to analyze and solve the problem
of ULFO.

For the oscillation mechanism and influencing factors analysis
of ULFO, the damping torque and eigenvalue analysis method
are two commonly used methods. Sun and Zhao [5] analyzed
the damping torque of hydropower generators and revealed that
the governor and turbine are prone to produce negative damping
torque. Shi et al. [6] preformed eigenvalue analysis for a high
proportion hydropower system and revealed a high participation
of all governors on the ULFO.

Moreover, various approaches have been proposed in the
literature to mitigate ULFOs. Since ULFO is caused by hy-
dropower generators, these methods are mainly implemented
on hydropower generators and can be categorized into three
types.

1) Retuning the governor parameters: Generally, the ULFO
can be mitigated by reducing the PID control param-
eters of governors [7], and this is the most studied
method. Particle swarm optimization algorithm is used
to optimize the governor parameters in [8]. However,
the reduction of governor parameters can decrease the
primary frequency regulation capability of hydropower
generators.

2) Power system stabilizer (PSS): Conventional PSS is typ-
ically used to deal with the LFO problem, but they can
also be effective against ULFOs. A PR-PSS algorithm
to prevent ULFO is proposed in [9], and its parameter
setting is adaptively updated by a deep reinforcement
learning algorithm. In addition to the excitation system,
PSS can also be implemented on the governor. Shi et al. [6]
presented a design method for the governor PSS (GPSS)
and validated its effectiveness.

3) Quitting the hydropower governor: The foundation of
this method is to accurately locate the source of ULFO.
Using an online damping torque estimation method [10]
and energy flow method [11], generators with negative
damping can be located. By quitting the governor of
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these generators, ULFO can be suppressed. However, the
frequency regulation function of governors is also lost
after being quitted [12].

Inverter-based power sources, such as PV and battery energy
storage, also have the potential to participate in mitigating
ULFOs due to their active regulation capability. However, to
the best of the authors’ knowledge, how to use PV or battery
energy storage to mitigate ULFO has been seldom studied. The
existing research mainly focuses on utilizing PV [13], [14], [15]
or battery energy storage [16], [17], [18], [19], [20] to suppress
LFO or other kinds of oscillations. For example, Zhu et al. [16]
presented an optimization approach for the control parameters
of battery energy storage to improve the oscillation damping
of power systems. Shi et al. [18] presented a robust control
method of the energy storage system to effectively suppress
LFO. A distributed control method based on multiagent deep
reinforcement learning can dynamically modify the parame-
ters of energy storage to suppress oscillations under different
conditions [19].

For a hydro-PV integrated system, a system frequency re-
sponse model can aid the design of ULFO damping controllers
of PV. Although the system frequency response model for hy-
dropower systems has been widely investigated, the frequency
response model for hydro-PV integrated system has seldom been
reported before.

Motivated by the aforementioned limitations, this article es-
tablishes a frequency response model of hydro-PV integrated
systems and further presents a supplementary damping control
method for PV plants to mitigate ULFOs. The contributions of
this article are summarized as follows.

1) Unlike the traditional Phillips—Heffron model that consid-
ers grid-connected systems, this article establishes a fre-
quency response model for islanded hydro-PV integrated
systems, which is more suitable for analyzing ULFOs.

A supplementary damping controller is proposed for PV
plants. Corresponding damping control parameters are
designed based on our frequency response model theo-
retically.

The ULFO analysis and damping control method for
multihydropower and multi-PV systems are furthermore
provided. Specially,

a) the damping torque theory is used for analyzing the
ULFO mechanism of multihydropower and multi-PV
systems;

the frequency response model for multihydropower
and multi-PV systems is provided;

¢) the method of how to use the frequency response model
to calculate the eigenvalues of multihydropower and
multi-PV systems is provided;

the PV damping control method for multihydropower
and multi-PV systems is proposed, and the damping
control parameters of multiple PV plants are collabo-
ratively designed.

Finally, the basic and supplementary control algorithm of PV
is programmed into the digital signal processor (DSP), and a
hardware platform based on RT-LAB and DSP controller is
built. Time-domain simulation and experimental results validate

2)

3)

b)

d)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

the effectiveness of our proposed model and method for single-
machine system and multihydropower and multi-PV systems.

The rest of this article is organized as follows. Section II an-
alyzes the inadaptability of traditional Phillips—Heffron model.
Section III establishes the frequency response model of islanded
system. Section IV presents the supplementary damping control
method of PV. Section V extends the proposed model and
method to multihydropower and multi-PV systems. Sections V
and VI provide the case study results based on time-domain
simulations and experiments, respectively. Finally, Section VII
concludes this article.

II. DAMPING TORQUE ANALYSIS OF HYDROPOWER AND
INADAPTABILITY ANALYSIS FOR PHILLIPS—~-HEFFRON MODEL

A. Damping Torque Analysis for Hydropower

The motion equation of the hydropower generator rotor is

given by
dAw 1

7 (H
where T'; is the inertia time constant of the synchronous gen-
erator, Aw is the increment of the rotor speed, AP, and AP,
are the increment of the mechanical power and electromagnetic
power, respectively, and D is the damping coefficient. A P, can
be described as

T, = AP,, — AP, — DAw

AP, = —Gyoy (5) G (5) Aw (2)

where Ggov(s) and Gr(s) represent the governor model and
turbine model, respectively. Detailed models are shown in (A1)
and (A2) of Appendix A.

Based on the damping torque analysis method [21], through
mathematical derivation, A P, can be decomposed into

AP, = —D,Aw — K, A6 3)

where D,,, and K, are the damping torque and the synchronous
torque of APy, at the frequency wq, which can be calculated as

{Dm = Re (Ggov (jwd) Gr (]wd>) )
K, =1Im (Ggov (jwd) Gr (]wd)) .
Similarly, A P, can also be decomposed into

AP, = D.Aw+ K. Ad (5)

where D, and K, are the damping torque and synchronous
torque of AP,, respectively.

According to (3) and (5), the motion equation of generator
rotor can be rewritten as

A
TJddTw = — (Dy + Do + D) Aw — (K, + K.) A, (6)

Fig. 1 shows the decomposition on the Aw-AJ plane for the
terms in the motion equation of hydropower generator rotors.
The total damping torque of the systemis Dy, = D,,, + D, + D.
A bigger Dy indicates a higher system damping. The system
stability condition is that Dy, > 0. Therefore, it can be deduced
that 1) when D, < 0, AP,, provides negative damping, and
2) when D, > 0, AP, provides positive damping. For the
case in Fig. 1, Dy, is less than 0 (Dy < 0) due to the large
negative damping torque provided by the governor Gy (s) and
turbine Gr(s) terms in AP,,, indicating an unstable system.
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Fig. 1. Decomposition on the Aw-AJ plane for the terms in the motion
equation of generator rotor.
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Islanded single-machine system for the analysis of ULFO.

Fig. 2.

Therefore, the ULFO is mainly caused by the governor and
turbine of hydropower generator.

B. Inadaptability Analysis for Phillips—Heffron Model

From (6), D, is an important term in Dy. To calculate D.,
we need to accurately express A P,. In the existing analysis for
ULFOs [6],[22], AP, is described based on the Phillips—Heffron
model [21] shown in Appendix A. The Phillips—Heffron model
is derived on the basis of the single-machine infinite-bus system.
However, ULFO usually occurs in islanded hydropower systems
[6]. Therefore, the Phillips—Heffron model is not suitable for
describing A P,. In sum, the expression of AP, in the islanded
hydropower systems needs to be formulated to obtain the corre-
sponding frequency response model for analyzing ULFO.

III. FREQUENCY RESPONSE MODEL FOR ISLANDED
HYDROPOWER SYSTEM

The expression of A P, and corresponding frequency response
model for the islanded hydropower system is formulated in this
section. Fig. 2 shows the studied islanded single-machine system
composed of a hydropower generator and a constant impedance
load, where U, is the terminal voltage of generator, X is the
impedance of the transmission line, Z, is the impedance of
the load, and Uy, is the voltage on the load.

The expressions of P, E,, Ur, and Uy, are provided in
(A3) and (A4) of Appendix A. According to (A3) and (A4), the
increments of 74 and 7, can be derived as

s (X +Xs) !
Adg = (X:iJrXS)((IXqﬂLXs)*Z% AEq (7
Aiy = ZL AF'

T (XG+X ) (Xg+Xo)-22 a-

Linearizing (A3) and then combing (7) and the linearized
result, A P, can be expressed as

2B, 71 [(Xq +X,)% - Zz]
SAE, @)
[(Xél + XS) (Xq + XS) - Z%]

where £, is the equilibrium point value of £,

AP, =

2399

To further express AE(’J, the dynamic equation of the exciter

is modeled as
!

T 4By _ E E ©)
a0~ gy — q

where 77 is the excitation time constant, and E ;4 is the exciting
voltage.

According to (A3), (7), and (9), AE; can be expressed in
terms of AFE 4, given by

(Xy — X5) (Xg + X5)
(X(/i + XS) (Xq + XS) - Z%

T(QOS + 1 + AE; = AEfd.

(10)

The expression of AEq can be obtained according to the
structure of the excitation control system, i.e.,
L (11)
1+ STE
where K 4 and T’r are the gain coefficient and time constant of
the excitation control system, U..¢ is the voltage reference value,
and Upsgg is the output signal of PSS.

Linearizing (11) yields

Epqg = (Uret — Uy + Upss)

Ka
AEfd — m (AUPSS - AUt) . (12)
AUpss can be expressed as
AUPSS :GPSS (8) AUJ ) (13)
Grss () = 1242 (152

where Gpss(s) is the transfer function of PSS, K is the PSS
gain, Ty is the washout time constant, 7} is the lead time
constant, and 75 is the lag time constant.

U, can be described as (A5) of Appendix A. From (AS) and
the circuit relationship, we have

AU, = B0 AUy + T2 AU,

AUzg = (X5 + Z1) Aig

AU = — (X5 + Z1) Ad,
where Uyqo, Uyqo, and Uyg are the equilibrium point values of

Uta, Ui, and Uy, respectively.

Then, a detailed expression of AU, can be obtained by sub-

stituting (7) into (14), i.e.,

Xs + ZL) [UtdO (Xq + Xs) - thOZL]
UtO [(X(lj + XS) (Xq + XS) - Z%]
Finally, the complete expression of AP, can be obtained by

combining (8), (10), (12), (13), and (15), i.e.,

{APe =G (5) Gpss (s) Aw

(14)

AUt:(

AE.,. (15)

G, (s) = A(Thys+14B)(1+5Tk) (16)
N (Ths+14+B) (14sTe)+KaC

where the expressions of A, B, and C are shown in the following:

2B, 21, [(Xq+Xs)2—zg]

(X4 X ) (X +X0)-23]
(Xq—X})) (Xq+Xs)

(X +X0) (X +X0)-23

C = (Xs+2Z1)[Utao(Xq+Xs)—UqoZ1]

Uro [(X+X) (Xq+X,)-22]

B = 7)

From (16), the expression of AP, in the islanded system
is totally different from that in the Phillips—Heffron model of
Fig. 18. Based on (16), the structure diagram of the frequency
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Fig. 5. Relationship between Ppy and Uq. of the PV array.
response model for the islanded hydropower system can be
described in Fig. 3.

IV. SUPPLEMENTARY DAMPING CONTROL METHOD OF PV

Based on the islanded frequency response model formulated
in Section III, this section further formulates the frequency re-
sponse model of hydro-PV integrated system (see Section IV-C)
and then proposes a supplementary damping control method for
PV to mitigate ULFOs (see Section IV-D). To be the basis, the
PV array model and basic control methods of PV inverters will
be illustrated first in Sections IV-A and B, respectively.

A. PV Array Model

The PV plant model mainly includes the PV array, the inverter,
and the controllers. Fig. 4 shows the structure of a PV plant
connected to the power system.

In this article, the approximate engineering equivalent model
of the PV cell is used [23]. Detailed model is shown in Ap-
pendix A. Then, the output power Ppy of the PV array is given
by

Pov = UseIpy = Usernl oo [1 o (encUiU _ 1)] . a8)

From (18), the relationship between Ppy and Uy (P-U char-
acteristic) is shown in Fig. 5. Due to the P-U characteristics,
Ppy can be regulated by changing Uy.. Therefore, when Uy, is
controlled to be changed according to the system frequency, Fpy

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025
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Fig. 6.

is then correspondingly changed. Under this control mechanism,
PV is potential to provide positive damping torque for ULFO and
thus participates in mitigating ULFO. Detailed control mecha-
nism and damping controller design method will be illustrated
in Sections IV-C and D.

Moreover, to have a better regulation capability for PV, a cer-
tain proportion of the PV output power away from the maximum
power point (P,ax) can be reserved. For example, the PV array
can work at the point (U, P,) in Fig. 5.

By linearizing (28) at point (U, P,), we have

) 1( 19)

where Kpy is the value of the slope corresponding to point
(Udcm, P, x)

APPV = KPUAUdc

Udca
e nC2Uoc

nCa U,

U CcT
Kpy = ml [1 -G (e T 1t U

B. Basic Control Method of PV Inverter

The basic control method of PV inverters is shown in Fig. 6,
where Ugrer 18 the reference value of Uy, Kj,y is the equivalent
gain of the inverter, Kpwy is the equivalent gain of the PWM
modulation, K, and Kj;, are the proportional and integral
coefficients of the outer dc voltage loop, K,,; and K, are the
proportional and integral coefficients of the inner current loop,
Ly and C' are the inductor and capacitor in Fig. 4. From Fig. 6, the
dc voltage controller regulates Uy, to its reference value Ugcres.
The current controller realizes the control of the inverter actual
output current i to its reference value ;.

With Ugerer as the input and Uy, as the output, the transfer
function Gpy(s) of the PV inverter controller can be derived
as [24]

. Apy(s
Gpy (S) - AAlZ::ef - Bzgs;
Apy (8) = Kiny Kpi Kpo Kpwns? + Kiny Kii Kpo Kpwus
+ Kin K Ky Kpwm

BpV (S) = OLprWM$5 + OLfS4 + CKpiprMSS
+ (CKiiKpwm + Kinv K pi Ky Kpwim) s
+ (Kiny K35 Kpo Kpwm + Kiny Kii K Kpwm )
+Kiny Kpi Ky Kpwu.-

(20)

According to (20), the amplitude and phase of Gpy(s) can

be calculated, which can be used to design the supplementary
controller and control parameters.
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C. Frequency Response Model of Hydro-PV Integrated System

For a single-hydropower and single-PV system, (1) can be
modified as

dAw

TJW = AP,, — AP, — DAw + APpy. (2D

Considering (19), (20), (21), and Fig. 3, the frequency re-
sponse model of the hydro-PV integrated system is shown in
Fig. 7. Note that in Fig. 7, the lower part in Fig. 3 is compactly
expressed as G¢(s) in (21). In Fig. 7, G.(s) represents the sup-
plementary damping controller of PV, which regulates AUqgcyer
according to Aw. By adding G.(s), the PV output power A Ppy
can respond to the system frequency change, i.e., A Ppy can be
expressed as

APpV = KPUGPV (S) Gc (S) A(.U. (22)

The decomposition on the Aw-Ad plane for the terms in
(21) is shown in Fig. 8. The difference between Figs. 1
and 8 is the introduction of APpy. Based on (22), AFPpy can
be expressed as APpy = DpyAw. The detailed expression of
Dpy will be given in Section I'V-D. From Fig. 8, after introduc-
ing Dpy, we have Dy, = D,,, + D, + D + Dpy and Dy, > 0.
Therefore, the PV can provide positive damping torque for
ULFO, and the system becomes stable by adding the PV sup-
plementary damping controller.

D. Supplementary Damping Control Method of PV

This section illustrates the design method for the supplemen-
tary damping controller G.(s). G.(s) consists of four parts:
filter, phase compensator, gain, and limiter, as shown in (23) and
Fig. 9. The design method of each part is provided as follows:

Go () = — K.y (s) (1 +04Ts)2.

_— 23
1+1Ts 23)

2401

1) Filter: The frequency signal Aw is filtered to obtain ultra-
low frequency components to avoid adverse effects of the
damping controller on other frequency bands. The filter is

a second-order band-pass filter, given by
wo
ok
Grls) = 2 + D5+ wh
where wy is the center frequency of the ultra-low frequency band,
and @ is the quality factor. The calculation methods of w( and
@ are shown in (25). Since the frequency range of ULFO is
generally 0.01-0.1 Hz, the upper and lower frequency limits are
selected as fuin = 0.01 Hz and fy,.x = 0.1 Hz, respectively

(24)

wo = 27Tf0
_ fo
Q=7 5

fO =V fmaxfmin~

2) Phase compensator: From Fig. 8, when A Ppy is in the
opposite direction of Aw, the damping provided by PV
is the largest. To realize this case, from (22), the phase
compensation in G(s) needs to generate a leading phase
to offset the lagging phase of Gpy (s). By substituting s =
Jjwo into (20), the lagging phase of the PV controller at
wp, denoted as ¢, can be obtained, given by

B Re (Gpy (jwo))
o —non (S

Considering that the leading phase provided by the phase com-
pensation component is also ¢y, the corresponding parameters
o and 7' can be calculated as

(25)

(26)

1+sin%
Q= Yy
1—sin 5% (27)
1
T=—-

3) Gain K.: From Fig. 8, Dpv is the projection component
of A Ppy on Aw axis. Therefore, from (22), we can derive
that

Dpy = Kpy |Ge (jwo) Gey (jwo)| cos (¢c, + ¢z) (28)
where ¢¢_ is the phases of G (jwy).

Since 1) the amplitude of the dc voltage controller of PV is
usually designed to be 1, 2) the magnitude of filter and phase
compensation in G.(s) is designed as 1 at wp, and 3) ¢¢_ has
completely offset ¢, based on the aforementioned design, we
know

|Gpv (jwo)| =1
|Ge (jwo)| = K. (29)
bG, + ¢Gp = 0.
Based on (29), (28) can be rewritten as
Dpy = KpyK.., (30)
Moreover, based on (3), (5), and (21), it can be derived that
dA
TJCT“ = — (Dp+ D, + D + Dpy) Aw
— (K + Ko) A6. (€2))

Substituting Ad = “2 Aw into (31) and rearranging the sub-

S
stituted results, we have

Tys* = — (Dy + Do + D + Dpy) s
— (K + Ke)wy,

(32)



2402

where w, is the rated angular frequency of the system.
The system damping ratio £ can then be calculated according
to (32), given by
o Dm+De+D+DPV
2v/Tywn (K + Ke)
Therefore, once a desired system damping ratio & is prede-
termined in the design process, Dpy can be calculated as

Dpy = 2607/ Tywp (Ko + Ke) = (Do + Do + D). (34)
Finally, according to (30) and (34), K. can be obtained as

2607/ Tywn (K + Ke) — (D, + De + D)
Kpy '

4) Limiter: The function of the limiting is to make the PV
array work on the right-hand side of the maximum power
point. The limiting parameters Ugemin and Ugemax can be

obtained according to the P-U characteristics shown in
Fig. 5.

£

(33)

K.=

(35)

V. ULFO ANALYSIS AND SUPPLEMENTARY DAMPING
CONTROL FOR MULTIHYDROPOWER AND MULTI-PV SYSTEMS

The study system in the previous section is a single-
hydropower and single-PV system. This section further consid-
ers the multihydropower and multi-PV system, and presents the
corresponding 1) unified frequency response model, 2) supple-
mentary damping control design method, 3) ULFO mechanism
analysis method based on the damping torque theory, and 4)
eigenvalue calculation method based on the unified frequency
response model.

A. Unified Frequency Response Model for Multihydropower
and Multi-PV System

When ULFO occurs, the speeds of different generators and
the frequencies of different buses have the same amplitude
and phase, i.e., the speeds and frequencies are unified [25].
Therefore, the unified frequency response model was proposed
to model the frequency response characteristic for multihy-
dropower systems. This section extends the unified frequency
response model to further consider multi-PV. The difficulties
are 1) how to introduce the total PV output power into the rotor
motion equation of each hydropower generator, and 2) how to
aggregate the individual rotor motion equations containing the
PV output power.

Assume that the number of hydropower and PV in the system
are NV and M, respectively. Based on the fact that Aw of each
generator is the same during ULFO, the linearized generator
rotor motion equation for the ith generator is given by

dAw
T i g, AP, mi
T dt
It should be noted that AP,,; and AP,; are per-unit values.

Define K; as

APW‘ - DlAw (36)

(37

where S is the capacity of the ith generator, and Sy; is the sum
of S; of all generators.
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After considering PV and transforming PV output power to
per-unit value, (36) can be rewritten as
dAw

7,22
Tt

M
K;
= APy — AP~ Didw+ - ) AFpy; (38)
7 j=1
where S is used for per-unit value transformation, A Ppy ; is the
actual value for the output power of jth PV, and K; > ;\ T APy j
represents the portion of all the PV output power allocated to
the ith generator.
Substituting (37) into (38) and multiplying both sides by K;
yield
dAw

KiTyi—— = KiAPpy; —

KiAPm‘ - KiDiAw
dt

K, U
+ =N APl 39
Sy ]; v 9

By adding (39) of all the hydropower generators, we have

N dAw N
;KZT.HW = Z (KiAPmi — KiAP,; — KiDiAw)

i=1
M

N K,
+ Zl o Zl AP}y,
1= j=

From (37), we have vazl K; = 1. Considering Zf\il
K; =1, (40) can be transformed to

N N
dAw

E KT;,——

i=1 e

(40)

= Z (KZAPml — KiAPei — KZDZAUJ)
i=1

M
+ — E AP}y
Sy = oV

Equation (41) is the constructed aggregated rotor motion
equation for the multihydropower and multi-PV system. For the
ith hydropower, we have

(41)

APy = Ge;i (8) Gpssi (5) Aw “2)
APvm = *ngvi (5) Gqu (S) Aw
For the jth PV, we have
APpy; = KpyjGey; () Gej (5) Aw (43)

where G;(s) is the transfer function for the supplementary
damping controller of the jth PV.

Based on (41)—(43) and Fig. 7, the unified frequency response
model for the multihydropower and multi-PV system can be
obtained, as shown in Fig. 10.

Remark 1: For the low- LFO, the frequencies of different
nodes in the system are different, so the interactions among
multimachines need to be modeled due to their different internal
dynamics. However, for ultra- ULFO, the frequencies of each
generator are the same during ULFO [8]. Therefore, the multi-
machines do not exhibit interactions in terms of frequency during
ULFO. Based on this characteristic, a unified frequency can be
used to describe the system frequency [25]. On this basis, a uni-
fied frequency response model is proposed for multihydropower
and multi-PV systems in this article.
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Fig. 10.

B. Supplementary Damping Control Design Method for
Multi-PV

For multimachine systems, G, (s)is also composed of filter-
ing, phase compensation, gain, and limiting. The design method
for filtering, phase compensation, and limiting is the same with
that of the single-hydropower and single-PV system. However,
the calculation equation for gains K.; in G;(s) is different,
which will be presented in the following.

For AP,,; and AP,;, they can also be decomposed into

APy = —DpilAw — K Ad
{APei = DeiAw + Ko AS. “
For A Fpy;, based on Section IV, it can be expressed as
APpy; = DpvjAw (45)
Dpyj = Kpy; Ko (46)

where Dpy; is the damping torque provided by the jth PV.
Substituting (43), (44), and Ad = “»Aw into (41) and rear-
ranging the substituted results, it can be derived that

N N
> KiTyis®= =3 K;(Dmi+ Dei+ D;) s
i=1 i=1
D
Z] 1 Devy ZKwn (Kt o)
(47)

Therefore, the damping ratio &, of the multimachine system
can be calculated according to (47), given by

M )
SNy Ki (Di + Dei + Dy) + 22220
2\/wn Zf\il KTy, Zivzl K; (Kmi + Kei)

For a desired &0, Z;\il Dpy; can be calculated from (48).

For the calculation of Dpy; from Z]M:1 Dpy, it is reasonable
that a PV with a larger capacity should correspondingly provide
a larger damping torque. Dpy; is allocated according to the
absolute slopes of its operating points on its P—U characteristic,

fmul = (4 8)

1/8s
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! Aw
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i=1
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Unified frequency response model of the multihydropower and multi-PV system.

i.e.,

s z
Dpy;.
Z] 1KPUJ —

Finally, based on (47)—(49), K.; of each PV can be calculated

Dpyj = (49)

as

252§mu10\/wn SN KTy SN Ky (K + Kei)
M
> =1 Kpuj
Sy, Zfil K; (Dyi + De; + D;)
o M
2 j=1 Keuj
Remark 2: There are already some actual engineering
projects of hydro-PV integrated system in the world, such as
Yalong River Lianghekou and Xiaojin hydro-PV integrated sys-
tem in Sichuan Province of China. With the increase of the
PV’s penetration level in the power grid, the demand for PV
to participate in the power grid support and regulation is also
increasing. Using PV plants to provide some auxiliary services
to the system is a promising approach. Therefore, the existing
PV plants that are already in the hydro-PV integrated system

can be utilized to help damp the ULFO, which is a rational use
of existing resources.

cj =

(50)

C. ULFO Mechanism Analysis Based on Damping Torque
Theory and Eigenvalue Calculation Method Based on Unified
Frequency Response Model

The damping torque analysis theory is innovatively used in
this article to analyze the ULFO mechanism of multihydropower
and multi-PV systems. Detailed analysis methods and results are
given in Appendix C.

In addition, based on the constructed unified frequency re-
sponse model, the eigenvalues of the multihydropower and
multi-PV system are calculated and its stability characteristics
are furthermore analyzed. Besides, the small-signal state-space
modeling method, which is a well-known analytical tool/method
for the analysis of small-signal stability problem, is also used to
calculate the system eigenvalues. The eigenvalues obtained from
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Fig. 11.  Topology of hydro-PV integrated system in a county of Sichuan

Province, China.

TABLE I
CAPACITIES OF POWER SOURCES

Name Type Capacity Name Type  Capacity
YJW Hydro 75MW MGQ Hydro 45MW
MP Hydro 55 MW  XNH PV 10 MW
CCB Hydro 65MW  MX PV 5 MW
HJQ Hydro 140 MW
TABLE I1

SUPPLEMENTARY DAMPING CONTROL PARAMETERS

Parameters XNH MX
Ulex 0.96 kV 0.96 kV
Udemin 0.871 kV 0.871 kV
Ulemax 1.073 kV 1.073 kV
Kpu 27.6 MW/KV  13.8 MW/kV
[on 0.20 rad/s 0.20 rad/s
(0] 0.35 0.35
a 1 1
T 5.03 5.03
K. 3758 3758

the above two methods are compared to validate the accuracy
of our frequency response model in calculating eigenvalues.
Detailed analysis method and results are given in Appendix D.

VI. SIMULATION RESULTS

To validate the effectiveness of the proposed ULFO damping
control method, time-domain simulation results are carried out
based on an actual hydro-PV integrated system in a county of
Sichuan Province, China.

A. Actual System of a County in Sichuan Province of China

The studied hydro-PV integrated system in a county of
Sichuan Province of China is shown in Fig. 11. The system
contains five hydropower generators and two PVs. Since ULFO
usually occurs in an islanded system, the circuit breaker (CB) is
set to be open. As a result, the system is disconnected from the
external grids. Table I tabulates the capacities of power sources.
Table II tabulates the parameters of the PV supplementary damp-
ing controllers, which can be calculated according to (25), (27),
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Fig. 12.  Simulation results of Casel. (a) system frequency (b) PV DC voltage.

(c) PV output power.

(50), and Fig. 5. Detailed parameters of hydropower generators,
PV plants, lines, and loads are shown in Appendix B.

To verify the accuracy of the constructed frequency response
model from the time domain and frequency domain, respec-
tively, the comparison results of the frequency response curves
and eigenvalues are provided in Appendix E.

In the following, Sections VI-B and C validate the effective-
ness of the proposed ULFO damping control method in the cases
of load change and instantaneous fault, respectively.

B. Validation of PV Supplementary Damping
Control—Case 1: Load Change

The system load change is set as the disturbance in this
case. Initially, Load 1 and Load 2 are connected, and Load 3
is disconnected. The total load in the system is 105 MW. At
t = 10s, Load 3 is connected. The total load in the system
changes from 105 to 115 MW. Fig. 12 compares the simulation
results of the original system without damping control, with the
proposed supplementary damping control method of PV, with
the governor parameter optimization method, with GPSS, and
by quitting the hydropower governor. The responses of system
frequency, dc voltage and output active power of XNH and MX
PV are, respectively, shown in Fig. 12(a)—(c). The main idea
of the governor parameter optimization method is to reduce
the control gains of governors, which is the most widely used
ULFO suppression method [7]. GPSS improves the negative
damping of the hydropower governor by implementing PSS on
the governor [6]. For the method of quitting the governor, the
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TABLE III
RESULTS OF PRONY ANALYSIS

Name Frequency/Hz ~ Damping ratio/%
Original system 0.0421 12.24
Governor parameter optimization 0.0284 24.12
Proposed method 0.0416 30.21

action time is ¢t = 15s, that is, 5s after the oscillation occurs
[12].

Fig. 12(a) indicates that the system occurs ULFOs after ¢
= 10s. All methods can mitigate the ULFO, but the proposed
method exhibits the most desirable damping performance, which
validates its superiority. Fig. 12(b) and (c) indicates that with
our proposed method, the dc voltages of PV can respond to the
change of system frequency, and the PV output power changes
with the variation of dc voltage.

Remark 3: Our method is implemented on the PV side
rather than the hydropower generator side. Therefore, we do
not need to reduce the PID control parameters of governors
or quit the governors of some hydropower generators. Hence,
we can avoid the decrease of the primary frequency regulation
ability of hydropower generators. In addition, compared with the
solution of GPSS on the hydropower generator, we can avoid the
additional wear of mechanical components.

In sum, the above simulation results show that our proposed
method is effective to control the PV dc voltages to change their
output power and thus participate in mitigating the ULFO.

Table III tabulates the results of Prony analysis of the ULFO
signal shown in Fig. 13(a). Because the governor parameter op-
timization method is the most widely used, it is used to compare
with the proposed method. It can be seen from Table III that
the damping of original system is weak, but both the governor
parameter optimization method and our proposed method can
increase the damping ratio. Because the governor parameter
optimization method needs to balance the ability of frequency
regulation and ultra-low frequency damping [9], the effect of the
proposed method is better.

A simulation comparison of the suppression effect of PV
on the ULFO with or without reserving PV power is pro-
vided in Appendix F. The results show that when there is no
reservation for PVs (MPPT mode), they can also suppress ULFO
by reducing the output power. When 10% of PV maximum
output power capability is reserved for control, the PVs can
not only reduce but also increase their output power to obtain a
better ULFO suppression effect.

C. Validation of PV Supplementary Damping
Control—Case 2: Instantaneous Fault

The instantaneous fault is a common disturbance in power
systems. Therefore, it is also used as a disturbance to test the
proposed method. The total load in the system is 105 MW.
At t = 10s, a three-phase instantaneous fault with a duration
of 0.1s occurs at Bus 1 as a disturbance. Fig. 13 compares
the simulation results of the original system without damping
control, the traditional governor parameter optimization method,
and our proposed supplementary damping control method of
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Fig. 13.  Simulation results of Case2. (a) System frequency. (b) PV DC voltage.
(c) PV output power.

TABLE IV
RESULTS OF PRONY ANALYSIS

Name Frequency/Hz Damping
ratio/%
Original system 0.0414 11.83
Governor parameter optimization 0.0275 23.57
Proposed method 0.0411 30.05

PV. The responses of system frequency, dc voltage, and output
active power of XNH and MX PV are, respectively, shown in
Fig. 13(a)—(c).

Fig. 13(a) indicates that the system occurs ULFOs after
t = 10s. Both the proposed method and the governor param-
eter optimization method can mitigate the ULFO, but our pro-
posed method exhibits a more desirable damping performance.
Fig. 13(b) and (c) indicates that with our proposed method,
the dc voltages of PV can respond to the change of system
frequency, and the PV output power changes with the variation
of dc voltage.

Table IV tabulates the results of Prony analysis of the ULFO
signal shown in Fig. 13(a). The results of simulations and Prony
analysis show that the proposed method is still effective in sup-
pressing ULFO under the instantaneous fault, and the suppres-
sion effect is better than the governor parameter optimization.

The influence of intermittency characteristics of PV output
power is analyzed by the simulation in Appendix G. The test
results show that although the PV output power changes due to
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variation of sunlight intensity, the proposed PV supplementary
controller can still have a desirable damping effect.

VII. EXPERIMENTAL RESULTS

This section presents experimental results to validate the
practical implementation feasibility of the proposed control.

A. Experiment Platform and Test System

Fig. 14 shows the hardware platform for the experimental
study in the laboratory. The experimental setup mainly includes
RT-LAB OP5600 and DSP controller. A simulation model of
a hydro-PV integrated system is built in RT-LAB, including
the models of hydropower generator, PV inverter, PV array,
networks, and loads. The PV inverter control method is pro-
grammed in the DSP with type of TI TMS320F28377. The volt-
age and current are measured in RT-LAB and then transmitted to
the DSP through AO interfaces. The DSP generates PWM signal
and transmits it to RT-LAB through DI interfaces to control the
PV inverter.

The topology of the test system is shown in Fig. 15. The pa-
rameters of hydropower generators and PV are given in Tables V
and VI, respectively.

In the following, Section VII-B validates the accuracy of the
constructed frequency response model. Section VI-C validates
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TABLE V
PARAMETERS OF HYDROPOWER GENERATOR

Parameter Value Parameter Value Parameter Value
Capacity 100 MW Kp 1.3 b, 0.01
T) 6s K 0.3 Ty 0.02
T W 18 S KD 0
TABLE VI
PARAMETERS OF PV PLANT
Parameter Value Parameter Value
Capacity 21 MW C 1000 uF
Koy 10 Kpy 58.98 MW/kV
K, 200 o)) 0.20 rad/s
Kpi 10 0] 0.35
K 25 T 5.03
Kpwm 1 K. 594
Trwm 0.01s Ulex 960 V
L¢ 0.04 mH Usemin 871V
Kiny 1 Ulgemax 1073 V

the effectiveness of the proposed ULFO damping control method
in the case of the load change.

B. Accuracy Validation of the Constructed Frequency
Response Model

Three parameter conditions of weak damping, strong damp-
ing, and negative damping of the studied system are set, respec-
tively, for analysis, and Table XV in Appendix B shows these
different parameters.

Based on the parameters in Table XV, the response of the sys-
tem frequency is obtained from our proposed frequency response
model and the experimental platform for the conditions of weak
damping, strong damping, and negative damping. Fig. 16(a)—(c)
shows the comparison results for the above three conditions,
respectively. The small-signal disturbance is a load increase of
10MW. From Fig. 16, the two responses are consistent with each
other, thus validating the accuracy of our frequency response
model.

Furthermore, based on the parameters in Table XV, the sys-
tem eigenvalues are calculated from our proposed frequency
response model for the conditions of weak damping, strong
damping, and negative damping. The results of the ULFO mode
in terms of the quantification criteria of oscillation frequency
and damping ratio for the above three conditions are given in
Table VII. Table VII also shows the Prony analysis results from
the experimental results in Fig. 16. Table VII indicates that
for each condition, there is little difference between the results
of oscillation frequency and damping ratio from the frequency
response model and those obtained by Prony analysis of the
experimental results, validating the accuracy of the ULFO mode
calculation results from our frequency response model.

C. Validation of PV Supplementary Damping Control

At t = 10s, the total load in the system changes from 55
to 60MW. Fig. 17(a) indicates that the ULFO occurs when the
system is disturbed, and it takes a long time for the oscillations to
decay. After introducing the PV supplementary damping control,
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Fig. 16.  Comparison results of the single-machine system: the response of the
system frequency obtained from our proposed frequency response model and
the experimental platform. (a) Weak damping. (b) Strong damping (c) Negative
damping.

TABLE VII
COMPARISON OF OSCILLATION FREQUENCY AND DAMPING RATIO OBTAINED
FROM THE FREQUENCY RESPONSE MODEL AND PRONY ANALYSIS OF THE
EXPERIMENTAL RESULTS

Proposed frequency
response model

Prony analysis of the
experimental result

Condition
Oscillation Damping Oscillation Damping
frequency ratio frequency ratio
Weak damping 0.0482 Hz 13.42% 0.0461 Hz 13.24%
Strong damping 0.039 Hz 31.53% 0.0384 Hz 30.12%
Negative damping 0.0569 Hz —2.66% 0.0539Hz —2.79%

In sum, the results of the constructed frequency response model can well match the
experiments.

TABLE VIII
RESULTS OF PRONY ANALYSIS

Name Frequency/Hz  Damping ratio/%
Original system 0.0461 13.24
Proposed method 0.0491 30

ULFO is effectively mitigated. As shown in Fig. 17(b) and (c),
PV can actively change the output power by regulating the dc
voltage according to the system frequency, thereby providing
damping for the system and mitigating the ULFO.
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Fig. 17. Experimental results. (a) System frequency. (b) PV output power.

(c) PV DC voltage.

Table VIII tabulates the results of Prony analysis of the ULFO
signal shown in Fig. 17(a). It can be seen from Table VIII that the
proposed control method significantly improves the damping of
the system.

VIII. CONCLUSION

This article establishes a unified frequency response model for
hydro-PV integrated systems, which is more suitable under the
islanded condition, and further presents a supplementary damp-
ing control method for PV plants to mitigate ULFOs. The ULFO
analysis and damping control method for multihydropower and
multi-PV systems are furthermore provided. Damping torque
analysis, eigenvalue analysis, time-domain simulation, and ex-
perimental results show the following.

1) The hydropower generator with the largest capacity and
biggest water hammer effect time constant provides the
largest negative damping torque, and the PV can provide
positive damping torque in the ultra-low frequency band.

2) The system frequency response results from our frequency
response model are consistent with those obtained from
time-domain simulations and experiments, which vali-
dates our frequency response model in the time-domain.

3) The system eigenvalue results from our frequency re-
sponse model are consistent with the results of time-
domain simulations and experiments, which validates our
frequency response model in the frequency-domain.
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4) Our PV supplementary controller exhibits better damping
performance compared with the traditional methods and
the case without our controller.

APPENDIX A

In this appendix, some models and equations are provided.

A. Transfer Function of Governor and Turbine

The transfer function of the governor Gy (s) is given by
Kps?+ Kps+ K; 1
Geov (8) = =~
pKr+s 1+Tgs
where K p, K1, and K p are the proportional, integral, and differ-
ential parameters, respectively. bp is the adjustment coefficient.
T is the time constant of the servo system.
The transfer function of the turbine G (s) is given by
1-— Tws
Gr(8) = T 05 Ts
where Tyy is the water hammer time constant.

(AD)

(A2)

B. Phillips—Heffron Model

A lot of existing research works for ULFOs is based on the
Phillips—Heffron model, as shown in Fig. 18, which is derived
from the single-machine infinite-bus system.

C. Generator Equations

From basic generator equations, the generator electromag-
netic power P, and the g-axis equivalent voltage I, are given
by

{Pe = Ey,i, (A3)

E, = Ezlz + (Xq - X{j) iq
where 7, and 44 are the g-axis and d-axis currents, X, is the
g-axis synchronous reactance of the stator, X, is the d-axis
synchronous transient of the stator, and E; is the g-axis transient
voltage of the generator.
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Denote Ur, and U4 as the g-axis and d-axis voltages of Uz,
and we have
El/l - ULq = (Xél —|—Xs) id
Ura = (Xq + Xs)iq

! A4
Urg = Zriq (AD)
ULd = —ZLiq.
U, can be described as
U, = ,/de + U,?q (A5)

where Uyq and Uy, are the d-axis and g-axis output voltages
of U, t.

D. PV Array Model

The standard parameters of PV cell in the rated condition (
Sref = 1000 W/m?, Tref = 25 °C) are denoted as the open-circuit
voltage U,crer, the short circuit current Ig..f, the voltage of the
maximum power point U,,.¢ and the current of the maximum
power point [,,.r. The values of PV cell parameters in other
conditions can be obtained by
T ="Tu + kS
Isc - scref% []- + « (T - :rref)]

I, = mref% [1 + « (T - T}ef)]
Use = Uscref [1 =7 (T — Trer)] In {6 + (Sif - 1>:|

U = Ut [1 =7 (T = T [e + 8 (&~ 1)]
(A6)
where T is the temperature of the PV cell, T} is the air tem-
perature, k is the temperature coefficient, and the compensation
coefficients «, (3, v are 0.0025°C, 0.5 m2/W, and 0.00288 °C,
respectively.
Based on the PV cell model, the U-/ equation of the PV array
with n cells in series and m cells in parallel can be described as

Uge
Ioy = ml,. [1 —q (e TR 1)} (A7)

where Ipy is the output current of the PV array, I is the short
circuit current, Uy is the dc voltage of PV, U, is the open-circuit
voltage, and the constants C and C are

{01 = (1 Ipn/I) e ot
— U7n/Uoc_1
Cs = In(1—1,,/I.)

where [, and U, are the voltage and current at the maximum
power point.

(A8)

APPENDIX B

In this appendix, some parameters used in this paper are
provided.

The parameters of hydropower generators, PV plants, lines,
and loads used in the actual hydro-PV integrated system of
Section VI are shown in the Tables IX—XI, respectively.

Three parameter conditions of weak damping, strong damp-
ing, and negative damping of the studied system are set, respec-
tively, for the system with five hydropower generators and 2
PV stations shown in Fig. 11, and Tables XII-XIV shows these
different parameters.
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TABLE IX
PARAMETERS OF HYDROPOWER GENERATORS

Generator Ty Tw Kp K Kp b, T4 D
YIW 65s 2s 1.5 0.28 0 0.01 0.02s 0
MP 5s 18s 1.8 03 0 0.01 0.02s 0
CCB 6s 2s 1.5 0.28 0 0.01 0.02s 0
HIQ 8s 25s 13 025 0 0.01 0.02s 0
MGQ 45s 18s 1.8 03 0 0.01 0.02s 0
TABLE X
PARAMETERS OF PV PLANTS
PV va KIV Kpl Ku KPWM TPWM Lf/mH Kmv C/,UF
XNH 10 100 5 25 1 0.01 0.04 1 8000
MX 10 100 5 25 1 0.01 0.04 1 8000
TABLE XI
PARAMETERS OF LINES AND LOADS
Line and load Value
Linel 0.0019+j0.0106 p.u.
Line2 0.0043+j0.03499 p.u.
Line3 0.0004+j0.0019 p.u.
Line4 0.0021+j0.0119 p.u.
Line5 0.0007+j0.0021 p.u.
Line6 0.0005+j0.0019 p.u.
Loadl 25 MW
Load2 80 MW
Load3 10 MW
TABLE XII
PARAMETERS OF HYDROPOWER GENERATORS UNDER
WEAK DAMPING CONDITION
Generator T Tw Kp Ki by T4
YIW 6.5s 1.8s 1.2 0.3 0.01 0.02s
MP 5s 1.5s 1.3 0.32 0.01 0.02s
CCB 6s 1.5s 1.2 0.3 0.01 0.02s
HIQ 8s 2s 1 0.28 0.01 0.02s
MGQ 45s 1.2s 1.3 0.32 0.01 0.02s

Three parameter conditions of weak damping, strong damp-
ing, and negative damping of the studied single-machine system
of Fig. 16 are set, respectively, for analysis, and Table XV shows
these different parameters.

APPENDIX C

In this appendix, the damping torque analysis theory is innova-
tively used to analyze the ULFO mechanism of multihydropower
and multi-PV systems. Detailed analysis methods and results are
provided as follows.

A. Analysis for the System With Five Hydropower Generators

Based on the derivation of the rotor motion equation of
multimachine at Section V-A in this article, the damping torque
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TABLE XIII
PARAMETERS OF HYDROPOWER GENERATORS UNDER
STRONG DAMPING CONDITION
Generator T Tw Kp Ki bp T4
YIW 6.5s 1.8s 1.28 0.23 0.01 0.02s
MP 5s 1.5s 1.38 0.25 0.01 0.02's
CCB 6s 1.5s 1.18 0.23 0.01 0.02's
HJQ 8s 2s 1.08 0.21 0.01 0.02's
MGQ 45s 1.2s 1.38 0.25 0.01 0.02's
TABLE X1V
PARAMETERS OF HYDROPOWER GENERATORS UNDER
NEGATIVE DAMPING CONDITION
Generator Ty Tw Kp K1 by T4
YIW 6.5s 1.8s 1.2 0.42 0.01 0.02s
MP Ss 1.5s 1.3 0.44 0.01 0.02s
CCB 6s 1.5s 1.2 0.42 0.01 0.02s
HIQ 8s 2s 1 0.4 0.01 0.02s
MGQ 45s 1.2s 1.3 0.44 0.01 0.02s

analysis can be applied to the multimachine system. The lin-
earized generator rotor motion equation for the ith generator is
given by
dAw
dt - A-sz

Based on the fact that Aw of each generator is the same during
ULFO and considering the definition of K; at Section V-A of this
article, the rotor motion equations of all hydropower generators
can be added together as follows:

Tyi AP, — D;Aw. (ChH

5

0 dAw

; KZT},LW = ; (KzAsz — KiAPei — KZ.DZAUJ) .

(C2)

Based on the damping torque theory, AP,; and AP,; can
also be decomposed into

Asz = —DmiAw — KT,“A(S
{APel = DeiAw + KWA(S
Substituting (C3) into (C2), it can be derived that

5
dAw
K Tyi— =
ZZ:; Tt

(C3)

5
Z K; (Dpmi+ Dei + D;) Aw
i—1

5
- ZKz (K’mz + Kei) A6

i=1

5
Dy = Ki(Dpmi+Dei+Di).  (C4)
=1

To calculate the specific value of damping torques, a set of
hydropower generator parameters is shown in Table XVI.

Based on the parameters in Table XVI and (C2) and (C4), the
damping torque position diagram of the multimachine system
in this case can be drawn, as shown in Fig. 19, which is similar
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TABLE XV
PARAMETERS OF HYDROPOWER GENERATOR

Capacity Ty Tw Kp Ki bp Ta
Weak damping 100 MW 6s 1.8s 1.3 0.3 0.01 0.02s
Strong damping 100 MW 6s 1.5s 1.2 0.23 0.01 0.02s
Negative damping 100 MW 6s 2s 1.5 0.4 0.01 0.02's
TABLE XVI 1.04
PARAMETERS OF HYDROPOWER GENERATORS UNDER ’5
NEGATIVE DAMPING CONDITION & 1.02
>
% 1
Generator Ty Tw Kr K1 b Ta =)
P E; 0.98
YIW 6.5s 1.8s 1.2 0.42 0.01 0.02s e 0.96 : : : :
MP 5s 15s 13 044 001  002s 0 20 a0 60 80 100
Time(s)
CCB 6s 1.5s 1.2 0.42 0.01 0.02s
Fig. 20. Time domain simulation result of the system frequency without PV
HIQ 8s 2s 1 0.4 0.01 0.02s supplementary damping control.
MGQ 45s 12s 1.3 0.44 0.01 0.02's
6
° Hydropower: — YJW — HIQ
Ao & 4 —MP —MGQ }
A 5 e — CCB
->» KD_ e 2 Overall: Do
~ i mi a
(-7 mmmmTmmmmmmmmmmmmm e EO0Ff —— =
-D. KD, KD a
oot L + 2 - . ' '
0 0.02 0.04 0.06 0.08 0.1
i 5 ' ' > Ao Frequency(Hz)
' KAF, | :
= ] |
i 1 E E Fig. 21. Damping characteristic of D,,; (i = YIJW, HIQ, MP, MGQ, and
! ! ' CCB) and D, x; for the multimachine system without PV and its supplementary
, : damping control.
5 dAw i 5 |
KT — i > KDAw | S
J i _
gy | ~ i Z K,AP,
damping torque of each hydropower generator is negative for
Fig.19. Decomposition on the Aw—A¢ plane for the terms in the rotor motion the ultralow frequency band (0.01-0.1Hz), 2) Dy, ; exhibits the

equations of the multimachine system with five hydropower generators.

with that of the single machine system. The total damping torque
of the system is Dy, = Z?:l K;(Dy,; + De; + D;). A bigger
Dy indicates a higher system damping. The system stability
condition is that Dy, > 0. Define D,,5; = Z?:l K;D,,;. When
Dpyy: <0, the governor and turbine of all the hydropower gener-
ators provide negative damping. From Fig. 19, the governor and
turbine of the hydropower generators provide a large negative
damping torque, which will cause the overall damping of the
system to be negative and lead to system instability.

The specific value of Dy in this case is Dy = —0.3668 <
0. Therefore, the system is unstable according to the damping
torque theory. Fig. 20 shows the corresponding time domain
simulation result of the system frequency in this case, which
is without PV and its supplementary damping control. From
Fig. 20, the system is unstable and the frequency diverges.
Therefore, the simulation result is consistent with the damping
torque analysis result.

To further analyze the damping torque characteristics of this
multimachine system, the result of D,,,; (i = YJW, HJQ, MP,
MGQ, and CCB) and D,,», with the variation of frequencies are
shown in Fig. 21. From Fig. 21, it can be deduced that 1) the

largest negative damping torque due to its aggregation of the five
hydropower generators, and 3) the hydropower generator HJQ
provides the largest negative damping torque due to its largest
capacity and biggest water hammer effect time constant.

B. Analysis for the System With Five Hydropower Generators
and 2 PV Stations

This section further analyzes the ULFO of the multimachine
system with five hydropower generators and two PV stations
considering the proposed PV supplementary damping control.

Based on the formulation at Section V-A in this article, (C4)
can be rewritten as (C5) after adding two PVs, given by

> dAw >
; KiTyi—— = ; (K;APpi — K;AP.; — K;D; Aw)

2
1
+§ZAPF/’VJ'

Jj=1

(C5)

According to Section IV of this article, the output power of
PV can be expressed as

APIQV]» = DPVjAOJ. (C6)
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Fig.22. Decomposition on the Aw—AJ¢ plane for the terms in the rotor motion

equations of the multimachine system with five hydropower generators and two
PV stations.
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Fig. 23. Time domain simulation of the system frequency with PV supple-

mentary damping control.
Substituting (C6) and (C3) into (C5) yields

> dAw >
KiTji—— =) Ki(Dni+ Dei + D) A
2 g = 2Dt Dt D

2 5
+ Siz] Z Dpy; Aw — Z K (K + Kei) AS
j=1 i=1
5 e
Dy = Ki (Dpi + Dei + Di) + = > ADpy;. (CT)
i=1 j=1

The proposed PV supplementary damping control regulates
the PV output power FPpy by controlling the dc voltage Ug.
of the PV array. Furthermore, Ug. is controlled to be changed
according to the system frequency w. Therefore, Ppy is cor-
respondingly regulated based on the system frequency w, and
the PV system can provide positive damping torque for ULFO.
According to (C7), the damping torque diagram for the stud-
ied system is shown in Fig. 22. Compared with Fig. 19, the
effect of the PV damping torque, i.e., é 25:1 ADpy;, can be
observed. The overall damping torque D5, becomes a positive
value. Based on the given parameters, DY is calculated to
be 1.1609 > 0, indicating a stable system. Fig. 23 shows the
time domain simulation result of the system frequency in this
case. The simulation result also indicates a stable system, which
is consistent with the above damping torque analysis result.

To further analyze the damping torque characteristics of this
multimachine system, the result of D,,,; (i = YJW, HJIQ, MP,
MGQ, and CCB, they are hydropower generators), ADpy;
(j = XNH and MX, they are PV stations) and D,y + Dpy

2411
6
n Hydropower: — YJW — HIJQ
g _ — MP  — MGQ ||
g 4 — CCB
e PV: XNH — MX
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‘a
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[a)
2 . . . .
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Frequency(Hz)
Fig.24. Damping characteristic line with PV supplementary damping control.

with the variation of frequencies are shown in Fig. 24. Note
that i Z?:l ADpy; is defined as Dpy.

A comparison between Figs. 21 and 24 indicates that 1)
the damping torques provided by PV stations XNH and MX
are positive for the ULFO frequency band, and 2) the overall
damping torque D5 + Dpy thus becomes positive, reflecting
the damping effect of PV stations.

C. Analysis for the Influence of Hydropower Generator
Parameters on the ULFO

For the multimachine system shown in Fig. 11 of this article,
the influence of hydropower generator parameters on the ULFO
is further analyzed based on the damping torque theory.

Based on the formulation of Dy,5; ( Dy = Z?Zl K;Dp.)
in the above section, the damping torque characteristic curves of
D,,s. under different T',,, K;,, and K; are shown Fig. 25(a)—(c),
respectively. Note that T, is the water hammer time constants,
and K, and K; are the proportional and integral parameters of the
governor of hydropower generators. In Fig. 25, T, K, and K;
for all the hydropower generators are uniformly magnified by a
factor of 1-4 based on the basic parameters shown in Table X VI
to study the influence of their variations. From Fig. 25(a), the
increase of T, from T, to 4T, will cause the increase of oscil-
lation frequency and negative damping torque. From Fig. 25(b),
the increase of K, has different effect on the damping torque
under different frequencies. From Fig. 25(c), the increase of K;
will generally result in a larger negative damping torque.

APPENDIX D

In this Appendix, we first illustrate how to use our constructed
unified frequency response model to calculate the eigenval-
ues of the multihydropower and multi-PV systems. Then, we
elaborated on how to use the small-signal state-space model-
ing method, which is a well-known analytical tool/method for
the analysis of small-signal stability problem, to calculate the
system eigenvalues. Subsequently, we compare the eigenvalues
obtained from the above two methods to check if they are con-
sistent. In this way, our proposed frequency response model and
PV supplementary control method can be proved analytically.

A. System Eigenvalues Calculating Method based on our
Frequency Response Model

Our constructed unified frequency response model for mul-
tihydropower and multi-PV systems presented in Section V of
this article can be presented as shown in Fig. 26.
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Fig. 25. Damping torque characteristic of D,,s», = 11 K;D,,; under

different T, Kp, and K;. (a) Water hammer time constants ‘increase. (b) Gain
coefficients increase. (c) Integral coefficients increase.

According to Fig. 26, the transfer function of the whole system
can be derived as (D1) shown at the bottom of this page.

Based on (D1), the eigenvalues of the multihydropower and
multi-PV system can be obtained by calculating the roots of
1+ G(s) = 0. It should be noted that compared with the tra-
ditional method, which needs to formulate the small-signal
state-space model of the whole system and then calculate the
eigenvalues of the state-space matrix A, our above method takes
the advantage of the fact that ULFO is the synchronous oscil-
lation of the whole system frequency. Therefore, our modeling
complexity of formulating (D1) is greatly reduced.

B. Formulation of the Small-Signal State-Space Model of
Multihydropower and Multi-PV System and Corresponding
Eigenvalues Calculating Method

The small-signal state-space modeling method is a commonly
used analytical tool to analyze the small-signal stability problem
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of power systems. In this section, the detailed small-signal state-
space modeling process of the multihydropower and multi-PV
system is provided as follows.

1) Modeling of Hydropower Generators: The hydropower
generators are synchronous generators with a fourth-order
model. The model is shown as

A = woAw

Aw = (AP, — AP, — D (1 — Aw)) /T}
AFE, = (-AE) — (Xa— Xd') ALy + AEyq) [Tao/
AE, = (~AE, + (X, — X,)AL) /Ty (D2)

where wy is the base angular frequency, T’y is the inertia constant,
P, is the mechanical power, P, is the electromagnetic power, D
is the damping coefficient, E 4 and E ' are the d-axis and g-axis
transient voltages, respectively, X, and X, are the unsaturated
reactances, X 4 and X, are the unsaturated transient reactances,
I, and I, are the d-axis and g-axis currents, respectively, Eq
is the excitation voltage, and T 4o and T’qo are the unsaturated
subtransient times.

To study ULFO, a detailed model of a governor and a turbine
is selected. It is consisted of a regulating system, an electro-
hydraulic servo system, and a turbine model, given by

Ajjl = —K[Aw — KjprJ)l
Ay = —FEAw + %Ajl — Ay
AP, = 32 Aw + 52— Ay + HE2Ie Ay
— TL AP,
w
where Ax; is the state variable of the integral link of the PID
governor, Ay is the change of guide vane opening, and AP, is

the change of mechanical power.
A typical fourth-order excitation system modeled as

AUerl = (AUm - AUeajl)/Tr

(D3)

AU,y = (Ka (AUref + AUpss — AUcy1 — AUecso
- IgAEfd> - AU@IZ)/Ta

AUz = — (KyAEp/Ty + AU.y3) /Ty
AEpg= — (AEpg (14 AS,) — AUes2) /T (D4)

where U,,1, Uezo, and U,,3 are selected as the state variables,
Up, Uret, and Ey; are the terminal voltage, reference input
excitation voltage, and generator excitation potential, respec-
tively, and K, Ky, Tq, Ty, Ty, and T, are the amplifier gain,
stabilizer gain, amplifier time constant, stabilizer time constant,
measurement time constant, and excitation circuit time constant,
respectively. The expressions of S, and U, are shown as

ASe:Ae(eBe‘Efd‘ -1+ AeBeEfdeBE‘Efdlsgn(Efd) (D5)

Aw
Awrer

G(s

= 125G (5) = [ KiGeoi (5) Gri () + XL, K Gy () Gy (5) Ku (5)]

X

1
N N
§ i1 KiTJi5+§ 1o KiDi

(DI)

1+

1
N N
Zi:l KiT‘”‘H'Zi:1 KiPs

[Ef\il KiGe,i(S)GPSSi(S)] ’
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where A. is the first-order limiting coefficient, and B, is the
second-order limiting coefficient and sgn is a symbolic function.

The small-signal model of a hydropower generator can be
obtained by combining (D2)—(D4), given by

AX, = AsgAX, + BsaAVyq,

where the state variable matrix AXy, of the hydropower gener-
ator is

A X, =

(Do)

6 w By E'q Efqg Ut Uew2 UewsPm y a1

(D7)

The expressions of nonzero coefficients in the coefficient
matrix Agg = [aij];,,q; are as follows:

aip = wo, a2 = —D/2H, a9 = 1/2H,

azz3 = —1/Ta’, a3s = 1/Tao
agg = —1/T,0,
ass = — (Ac(ePPrel — 1)
+ A B EjgePePralsgn(Erq) + 1)/T.
asy = 1/Te, a66 = —1/T,
ars = — (KoKy)/(TuTy), a76 = —Ka/Ta
arr = — 1/To,a78 = —K, /T,
ags = — K;/Ty? ags = —1/T}
agy = 2Kp/Tq,a99 = —2/Tw,

ag0 = (2Tw + 21¢)/TcTw

ag.11 = 2Kpb, — 2)/Te,

a2 = — Kp/Tg,a1010 = —1/1g
a1 = (1 - Kpby) /T,

Unified frequency response model for multihydropower and multi-PV systems.

ane = — Kr,a11,1 = —bp,K7. (D8)

The expressions of nonzero coefficients in the coefficient
matrix Bsg = [bij]; . are as follows:

- (ng/Xq/ + (Eq/ - ng)/Xd/)/(zH)
bao = (Vya/Xd' + (Ed' — Vya)/ X,)/(2H)
— (Xd' — Xa)/(Tao' Xd")
- (Xq/ - Xq)/(Tq(]/Xq/)~

2) Modeling of PV: A PV model mainly includes a PV array,
an inverter, and controllers. A practical engineering model of PV
is used in this article. The standard conditions for PV cells are
Sper = 1000W/m? and T,es = 25 °C. In addition, the voltage—

current equation under nonstandard conditions can be descried
as

by =

b3y =

by = (DY)

Ude
AIdc = —mISCC'l entzUo AUdc.

PRI (D10)

The PV controller is consisted of a voltage controller and a
current controller, which can achieve main functions. The volt-
age controller regulated the dc voltage to control or maximize
the power extracted from the PV array. The current controller
realized the control of an actual current to the current reference
value. The small-signal model of the PV controller can be
obtained by linearization as following:

AXy = — AUy
AYy = — KpyAUge + Kiy AXy — Aigy
AYq = - AZ'gq

Avpy = KpiAYy + KiAYy — w, Ly Nigg + Avgg

Avy, = KpiAY, + KiAYy + wa Ly Nigg + Avgg  (D11)

where Axy is the state variable of the dc voltage controller, and
AY4 and AY, are the state variables of the current controller.
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The equation of the state for the dc capacitor of PV is

Sng 3Ud

Al = —AIL Avgg — = 22N
de = Cae de — 2 Uy Vgd 2 Uy lgd
3 qulqd
AU, D12
+ = 9 Ud2c dc- ( )

The small-signal model of a PV generator can be obtained by
combining (D10)—(D12) as follows:

AXpy = ApyAXpy + BpyAVyq, (D13)

where the state variable matrix AXpy = [AUqge, AX vy, AYy,
AYy, Aigg, Aigq]T, and the mathematical expression of the
coefficient matrix Apy and Bpv are as follows: (D14), shown at
the bottom of this page.

__3iga
2C’chdc
0

T
00 0O0O
00 0O0O0

3) Modeling of Networks and Loads: Suppose the system has
N hydropower generator nodes, M nodes of PV generation, and
L other nodes (network nodes and load nodes). The modeling of
networks and loads can be expressed by algebraic equations:

Bpy = (D15)

Algaq AVyaq
Algag(n+m) | _ [Yu Yu} Angq(]\/+1\/1)
0 Yo1 Yoo AV;;dq(z\urMJrl)
0 AVyaqn+m+r) |

D16)
where Al 44iis the output current of each hydropower generator
and PV, AV, 4, is the voltage of each node, Y71 and Yo, are the
self admittances of the generator nodes and the network nodes,
and Y15 and Ys; are the mutual admittances of the generator
nodes and network nodes.

By eliminating the L other nodes, the network matrix can be
simplified as

Algdql A‘/qdql
= (Y11 — Y12Yp'Ya1)
AVgdg(N+)

(D17)

4) Modeling of the Whole Multihydropower and Multi-PV
System: Based on the above models, the small-signal model
of the whole system with N hydropower generators and M
PV generators can be obtained by combining (D6), (D13), and
(D17), given by

AI.cwlq(l\f-~-1\/l)
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the state variables of N hydropower generators, and AXpy, ...,
AXpvy y are the state variables of the M PV generations.

Finally, the system eigenvalues can be obtained by calculating
the eigenvalues of Agys.

C. Prove Our Proposed Model and Method Analytically by
Comparing the System Eigenvalues Obtained from Our
Proposed Model and the System Small-Signal State-Space
model

In this section, the system with five hydropower generators
and two PV stations shown in Fig. 11 of this article is used as
the test system for the comparison of eigenvalue results. Based
on the parameters in Tables XI-XIII, the system eigenvalues are
calculated from our proposed frequency response model and the
detailed small-signal state-space model for the conditions of 1)
weak damping, strong damping, and negative damping with PV
dynamics but without PV supplementary damping control, and
2) weak damping with PV dynamics as well as our proposed PV
supplementary damping control. The results of the ULFO mode
for the above four conditions are given in Table XVII.

From Table XVII, the eigenvalues from our frequency re-
sponse model have little difference from those calculated by the
detailed small-signal state-space model. In addition, Table X VII
also indicates that our PV supplementary damping control can
effectively change the system damping from weak damping to
strong damping.

Therefore, our proposed frequency response model and PV
supplementary damping control method have been proved ana-
lytically by the commonly used tool of small-signal state-space
modeling method.

D. More Small-Signal Stability Analysis Results

Furthermore, based on the above system eigenvalue calculat-
ing method, the influence of parameter variations of hydropower
generators on the system small-signal stability can be analyzed.

Fig. 27 shows the root locus of the ULFO mode when the
parameters of the hydropower generators change. From Fig. 27,
when (a) the water hammer time constants, (b) the proportional
coefficients of the governor, and (c) the integral coefficients of
the governor increase, the ULFO mode will move to the right half
plane. It indicates that increasing these parameters will reduce
the damping of the ULFO mode.

APPENDIX E

In this appendix, we provide some simulation results to verify
the accuracy validation of the constructed frequency response

AXys = Agys AXgys (D18)
where AXsys - [Axwl, ceey AXU)N’ AXPVL ceey AXPVM]Ta Asys
is the complete system state matrix, and AX, 1, ..., AX,y are

B Uge
3vgdigd mlg.[1-Cq(e“2Voc —1)]
2Ce U2 CaeUge
1
Apy = Kpo
0
KpiKpy
Ly
0

0 0 0 —ngjgdc 0
0 0 0 0 0
Ki, 0 0 -1 0 (D14)
0 0 0 0 ~1
KinKpi Ky _ Kpi
Ly Ly 1? Ly ?{ _
N A
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TABLE XVII

CALCULATION RESULTS OF EIGENVALUES CORRESPONDING TO ULTRA-LOW FREQUENCY MODE

Condition Model Eigenvalues Oscillation Frequency Damping ratio
P fr
roposed frequency 0.0318 + 0.2627i 0.0418 Hz 12.03%
Weak damping response model
Small-signal model —0.0305 + 0.2676i 0.0426 Hz 11.32%
P d fi
roposec irequency ~0.0668 + 0.2378i 0.0378 Hz 27.06%
Strong damping response model
Small-signal model —0.0651 +0.2402i 0.0382 Hz 26.16%
P d fr
ropose ecgli“cy 0.0039 % 0.2991i 0.0476 Hz ~1.3%
Negative damping response mode
Small-signal model 0.0032 £ 0.301 11 0.0479 Hz —1.06%
Weak damping with Proposed freq;eincy ~0.0816 + 0.2594i 0.0413 Hz 30%
PV supplementary response mode
damping control Small-signal model ~0.0801 +0.2618i 0.0417 Hz 29.26%
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Fig. 27. Root locus of the ULFO mode when the parameters of the hydropower generators change. (a) Water hammer time constants increase. (b) Proportional
coefficient of the governor increase. (c) Integral coefficient of the governor increase.

TABLE XVIII
CALCULATION RESULTS OF EIGENVALUES CORRESPONDING TO ULTRA-LOW FREQUENCY MODE

Condition Eigenvalues Oscillation Frequency ~ Damping ratio
Weak damping —0.032 £ 0.263i 0.0418 Hz 12.03%
Strong damping —0.067 + 0.238i 0.0378 Hz 27.06%
Negative damping 0.004 £ 0.299i 0.0476 Hz -1.3%
Weak damping with PV damping control —0.082 + 0.259i 0.0413 Hz 30%
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Fig. 28.  Comparison results of the multimachine system: the response of the
system frequency obtained from our proposed frequency response model and
the detailed time-domain simulation. (a) Weak damping. (b) Strong damping.
(c) Negative damping. (d) Weak damping with PV supplementary damping
control.

model. Three parameter conditions of weak damping, strong
damping, and negative damping of the studied multimachine
system are set, respectively, for analysis, and Tables XII-XIV
in Appendix B show these different parameters.

Based on the parameters in Tables XII-XIV, the response of
the system frequency is obtained from our proposed frequency
response model and the detailed time-domain simulation for the
conditions of 1) weak damping, strong damping, and negative
damping with PV dynamics but without PV supplementary
damping control, and 2) weak damping with PV dynamics
as well as our proposed PV supplementary damping control.
Fig. 28(a)—(d) shows the comparison results for the above four
conditions, respectively. The small-signal disturbance is a load
increase of 10MW. From Fig. 28, the two responses are con-
sistent with each other, thus validating the accuracy of our fre-
quency response model. In addition, Fig. 28(d) also indicates that
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Fig. 29. Simulation results for the cases of reserving 10% of PV maximum

output power capability and not reserving power (always works at MPPT point).
(a) System frequency. (b) PV DC voltage. (c) PV output power.

our PV supplementary damping control can effectively change
the system damping from weak damping to strong damping.
For the above four conditions, the system eigenvalues are
calculated from our frequency response model. The results of
ULFO mode are shown in Table XVIII. From Table XVIII
and Fig. 28, the calculated ULFO modes of each condition
are consistent with the time-domain simulation results, which
proves the accuracy of our eigenvalue calculating method.

APPENDIX F

In this appendix, we provide a simulation comparison of the
suppression effect of PV on the ULFO with or without reserving
PV power. The supplementary control gain K. is set to the same
value in both cases. The test system is shown in Fig. 11 with five
hydropower generators and two PV stations, and the disturbance
is a load change of 30 MW.

Fig. 29(a) shows the system frequency results. The blue line
is the case without PV supplementary control. The green line
is the case when PV always works at the maximum power
point (no reservation). The red line is the case when 10% of
the PV maximum output power capability is reserved. From
Fig. 29(a), the PV supplementary damping control can also
suppress the ULFO without reservation. If 10% is reserved
for control, the suppression effect is better. Fig. 29(b) and (c)
shows the responses of PV dc voltage and output power, respec-
tively. XNH and MX denote the names of the two PV stations.
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Fig. 29(b) indicates that the PVs’ dc voltages will change during
the suppression process. Fig. 29(c) indicate that when there is
no reservation, PVs can only suppress ULFO by reducing the
output power. When 10% is reserved for control, PVs can also
increase the output power to suppress ULFO, which can provide
stronger damping to the system.

In sum, even if the PV works at the maximum power point, it
can still suppress the ULFO.

APPENDIX G

In this appendix, we provide a simulation result to test the
influence of intermittency characteristics of PV output power.
The multimachine system with five hydropower generators
and two PV stations shown in Fig. 11 of this article is used
for simulation tests. Initially, the total load in the system is
105MW. At t = 10s, the sunlight intensity changes from
1000 to 500 W/m?, and the PV’s power also decreases. Fig. 30
compares the simulation results without damping control and
with the proposed PV supplementary damping control method.
The responses of system frequency and output active power
of XNH and MX PV are, respectively, shown in Fig. 30(a)
and (b). As can be seen from Fig. 30, due to the reduction of
PV’s output power, the system occurs ULFOs after = 10s. But
our proposed method can regulate the PV’ output power in the
following dynamic process according to the system frequency
and thus participate in mitigating the ULFO.

The above results validate that our proposed PV supple-
mentary controller can still have a desirable damping effect
considering the intermittent characteristic of PV output power.
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