
Aalborg Universitet

Frequency Stability of Hierarchically Controlled Hybrid Photovoltaic-Battery-
Hydropower Microgrids

Guan, Yajuan; Quintero, Juan Carlos Vasquez; Guerrero, Josep M.; Wang, Yibo; Feng, Wei

Published in:
I E E E Transactions on Industry Applications

DOI (link to publication from Publisher):
10.1109/TIA.2015.2458954

Publication date:
2015

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):
Guan, Y., Quintero, J. C. V., Guerrero, J. M., Wang, Y., & Feng, W. (2015). Frequency Stability of Hierarchically
Controlled Hybrid Photovoltaic-Battery-Hydropower Microgrids. I E E E Transactions on Industry Applications,
51(6), 4729-4742. https://doi.org/10.1109/TIA.2015.2458954

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/TIA.2015.2458954
https://vbn.aau.dk/en/publications/94312d51-5274-4a4f-9d7e-0688bf89dd5a
https://doi.org/10.1109/TIA.2015.2458954


Downloaded from vbn.aau.dk on: July 17, 2025



 

Frequency Stability of Hierarchically Controlled Hybrid Photovoltaic-Battery-
Hydropower Microgrids 

 
 
  Yajuan Guan 
 Student Member, IEEE 
  Aalborg University 
 Pontoppidanstraede 101  
 Aalborg, 9220, Denmark 
    ygu@et.aau.dk 

Juan C. Vasquez 
 Senior Member, IEEE 
  Aalborg University 
 Pontoppidanstraede 101  
Aalborg, 9220, Denmark 
   juq@et.aau.dk  

Josep M. Guerrero 
     Fellow, IEEE 
  Aalborg University 
 Pontoppidanstraede 101  
 Aalborg, 9220, Denmark 
     joz@et.aau.dk 

Yibo Wang, Wei Feng 
Institute of Electrical 

Engineering 
Chinese Academy of Sciences 

   Beijing, 100190, China  
{wyb, fw}@mail.iee.ac.cn

Abstract -- Hybrid photovoltaic (PV) -battery-hydropower 
microgrids can be considered to enhance electricity accessibility 
and availability in remote areas. However, the coexistence of 
different renewable energy sources with different inertias and 
control strategies may affect system stability. In this paper, a 
hierarchical controller for hybrid PV-battery-hydropower 
microgrid is proposed in order to achieve the parallel operation 
of hydropower and PV-battery system with different rates, and 
to guarantee power sharing performance among PV voltage 
controlled inverters, while the required power to hydropower-
based local grid is supplied. In this case, the PV-battery system 
will operate as a PQ bus to inject the desired active and reactive 
powers to local grid, while the hydropower station will act as a 
slack bus which maintains its voltage amplitude and frequency. 
An integrated small-signal state-space model is derived to 
analyze the system stability of the hybrid microgrid. The 
simulation results show system frequency and voltage stability 
for a hybrid microgrid demonstration which includes 2 MWp 
PV installations, a 15.2 MWh battery system, and a 12.8 MVA 
hydropower plant. Experimental results on a small-scale 
laboratory prototype verify the validity of the theoretical 
analysis and proposed control strategy. 
 

Index Terms-- Hybrid PV-Battery-Hydropower Microgrid, 
Hierarchical Control, Frequency Stability 

I.   INTRODUCTION 
At present, the electrical utility grid is evolving towards 

more decentralized architectures and operation, thereby 
reducing dependency on centralized power plants. A 
promising decentralized power architecture is the microgrid 
(MG), which usually involves different kinds of energy 
sources, such as wind generation or photovoltaic (PV) 
systems. MGs are local distribution grids, which include 
different technologies, such as power electronics, distributed 
generation (DG), control architectures, communication 
infrastructure, and energy storage systems (ESSs), like 
flywheels, supercaps or batteries [1], [2].  

Islanded hybrid PV-battery-hydropower MGs have been 
deployed as a practical solution to address local electricity 
outages, eliminate power fluctuations, and increase the 
reliability and availability of power supply especially in dry 
seasons. These hybrid MGs can improve the complementary 
utilization of different renewable energy sources in remote 
areas, where the abundant solar irradiance and small scale 

hydroelectric power plants are available [3]-[8]. In addition, 
the seamless transition between grid-connected and islanded 
modes is usually required for the PV-battery system in hybrid 
MGs because of the unavailability of the hydropower plant 
reservoir, such as the run-of-the-river (ROR) projects[9], 
[10], in which little or no water storage is required. 

ESSs are necessary for islanded MGs where the power 
exchange among the renewable energy sources (RES’), ESS’ 
and loads should be balanced. A number of previous works 
[11]-[13] indicate that the control capability of ESS is limited 
by the energy capacity of the energy storage device. If ESS is 
the only one’ responsible for stabilizing the MG, it may result 
in failure or internal outage. When the different capacities 
between the hydropower system and the PV-battery system in 
a hybrid MG are considered, a reasonable solution is for the 
PV-battery system to operate as a PQ bus to supply the 
required active and reactive powers to the hydropower-based 
local grid, while supplying the local loads. The hydropower 
can operate as a slack bus to establish voltage magnitude and 
frequency. 

In order to achieve the aforementioned, hierarchical 
control theory is applied to the hybrid MG, thus, providing 
the functionalities defined in different control levels [14]-
[19]. Hierarchical control theory is based on droop control 
method which has dominated the autonomous control of 
parallel converters in applications in the last decade such as 
parallel redundant uninterruptible power supplies, distributed 
power systems, MGs, and so forth [20], [21]. The droop 
controller calculates the active and reactive powers of the 
inverter, and adjusts the local proportional frequency and 
voltage amplitudes of each inverter to emulate the behavior 
of a synchronous generator. Some modified droop control 
strategies have been presented to improve its performance in 
several applications [22]-[26].  

Unlike traditional MGs, the existence of a rotating device 
makes the islanded PV-battery-hydropower hybrid MG 
become more complicated. The inertia of hydraulic turbines 
and generators are decided by the physical dimension and 
rotor weight. Although this inherent property of rotating 
device could increase the damping performance of the system, 
the non-minimum phase system of the hydraulic turbine may 
result in several instabilities [27]. However, power- 
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Fig.1.  Block diagram of the islanded hybrid microgrid control

 
electronics-based MGs are very sensitive to network 
disturbances because of the absence of physical inertias. In 
addition, the different transient response speeds of voltage 
controlled inverter (VCI) and hydropower system may also 
result in instabilities. Furthermore, the hierarchical control 
contains a huge number of parameters that needs to be 
designed, while respecting the trade-offs of stability and 
transient response performances.  

In view of these problems, stability analysis becomes an 
important issue in hybrid PV-battery-hydropower MGs. The 
transient stability analysis can be obtained from the 
relationship between the rotor angles of different energy 
sources [30]. Additionally, a systematic approach to small-
signal modelling of a MG system that includes conventional 
(rotating machine) and electronically interfaced distributed 
resource (DR) units is presented [31]. However there are no 
quantitative conclusions derived from these research works.  

Stability analysis based on eigenvalues and root locus 
plots is presented in previous studies [32]-[37]. A full order 
small-signal model of a droop controlled MG is derived to 
analyze system stability in [32]-[35]. However, in these 
works only inverters are considered. The characteristics of 
the generators are neglected. By contrast, transient stability of 
a hydropower plant was studied in [36], [37]. For instance, 
the small-signal model of a synchronous generator is 
considered in [36]. Nevertheless, the dynamic response of a 
hydroelectric power station should be taken into account, 
since the characteristics of the prime mover and its governor 
have great influence on the performance of the local electrical 
network [37].  

In this paper, a hierarchical controller for hybrid PV-
battery-hydropower MG is proposed. The proposed controller 
can achieve the parallel operation of PV-battery system and 

hydropower station. In order to analyze system stability, an 
integrated small-signal state-space model is developed. The 
paper is organized as follows. Section II introduces the 
configuration of the hybrid power system. Section III 
develops the integrated linearized system model for both PV-
battery system and hydropower station. Section IV analyzes 
the system stability and parameter sensitivity based on the 
state-space model. Section V presents frequency and voltage 
stability analyses based on a real demonstration hybrid MG 
which includes 2 MWp PV installations, a 15.2 MWh battery 
system, and a 12.8 MVA hydropower plant. Experimental 
results on a lab prototype are shown in Section VI to validate 
the effectiveness of the proposed approach. Section VII 
concludes the paper. 

II.   CONFIGURATION OF THE HYBRID POWER SYSTEM 
The model of islanded hybrid PV-battery-hydropower MG 

under study is shown in Fig. 1. The synchronous generator of 
the hydropower plant provides physical inertia, which differs 
from conventional power-electronics-based MG. 

In this case, the synchronous generator works in 
standalone mode as a slack bus, which means that the main 
role of the hydraulic governor and excitation system is to 
maintain the frequency and voltage amplitude of the hybrid 
MG. The PV-battery system acts as a PQ bus to inject the 
desired active and reactive powers to the hydropower-based 
local grid by means of the proposed hierarchical control 
which can be divided into three levels [14]-[19].  

A.   Primary control level 
Primary control consists of inner voltage and current 

control loops, and active power (P) and reactive power (Q) 
droop control loops. The objectives of primary control are 



 

regulating the frequency and amplitude of the voltage 
reference provided to the inner voltage and current control 
loops, adjusting R/X ratio of the output impedance ´´seen´´ by 
the inverter, and sharing the load among VCIs by mimicking 
the static droop feature of a synchronous generator[20]-[26]. 

B.   Secondary control level 
Secondary control includes frequency and voltage 

restoration control loops and a synchronization loop. 
Secondary control can compensate the frequency and 
magnitude deviations to improve the power quality in 
standalone mode. In addition, the secondary control ensures 
the synchronization of VCIs’ output voltage with the point of 
common coupling (PCC) voltage before the PV-battery 
system and hydropower station are connected [38]-[40].  

C.   Tertiary control level 
Tertiary control is responsible for generating the power 

reference and control VCIs in order to inject dispatched 
power to hydropower-based local grid, and for optimizing the 
system [41].  

The PV-battery system of the hybrid MG can be seen as a 
PQ bus. The output voltages of the PV-battery system and the 
hydropower plant are boosted to 35 kV by using 
transformers, while the transmission lines between both 
plants present high X/R ratio. Therefore, P and Q are 
dominated by power angle (δ) and voltage difference (V1 – 
V2), respectively: 

1 2

XP
V V

δ ≈                    (1) 

1 2
1

XQV V
V

− ≈                  (2) 

where δ  is the angle between the hydropower station and 
the PV-battery system; X is the line impedance; P and Q are 
the active and reactive power outputs; 1V  and 2V  are the 
output voltages of hydropower station and PV-battery system. 

On the other hand, the frequency of the hydropower 
system is mainly dominated by the hydraulic governor system 
and the active power demanded by the load, while the voltage 
magnitude is mainly dominated by the excitation system and 
the reactive power demanded by the load. Therefore, the 
frequency and voltage stability analysis in this paper focuses 
on studying the relationships between the power flow of PV-
battery system and the hydraulic governor as well as the 
excitation system of the hydropower system. 

III.   LINEARIZED SYSTEM MODEL 
In this Section, a state-space model is presented for the 

proposed hybrid PV-battery-hydropower system [27]. The 
hydroelectric power system and the simplified hierarchically 
controlled PV-battery system include governor, hydraulic 
turbine, generator, excitation and hierarchical controller, 

which are represented by the block diagram shown in Fig. 2. 
The hydroelectric power system is presented in per-unit.  

A.   Hydraulic governor 
The functionality of the pilot valve and servomotor, and 

the gate servomotor is to increase the impeller driving signal 
from a PI controller. The impeller indirectly stabilizes the 
generator’s frequency by controlling the water column. The 
parallel operation of hydropower can be achieved by using 
permanent speed droop Rp which endows the P–ω droop 
characteristic and determines the slope [42], [43]. 

The variables of the PI controller, the pilot valve and 
servomotor, and the gate servomotor can be expressed as: 

1 21 PsX R Xω= − −                 (3) 

_ _ _ _
2 1 2

1i hydro p hydro p hydro P p hydro

P P P P

K K K R K
sX X X

T T T T
ω

+
= + − − (4) 

3 2 3
1 1

G G

sX X X
T T

= −               (5) 

where X1, X2, and X3 do not have particular physical 
meanings but they are state variables to facilitate the 
development of the model; TP and TG are the pilot valve and 
servomotor, and gate servomotor time constant. 

The corresponding linearized small-signal state-space 
equations can be derived from (3)-(5) as follows: 
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where Δ  denotes the small deviation of the respective 
variable from the equilibrium point and ^  denotes the 
derivative with respect to time. 

B.   Hydraulic turbine 
The classical transfer function of an ideal hydraulic 

turbine can be expressed as: 
1(s)

1 0.5
w

turbine
w

T sG
T s

−=
+

             (8) 

where wT  is referred to as the water starting time. 
The following equations represent the linearized small-

signal state-space form of the hydraulic turbine. 
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Fig.2.  Block diagram of the small-signal state-space model of the hybrid MG. 
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The algebraic output equation can be expressed as:  
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where Tm is the mechanical input torque. 
[ ]1 21 1 , 2tur turC C= = −             (12) 

C.   Third-order generator model 
The classical third-order small-signal state-space form in 

per unit of synchronous generator [44], [45] is represented as: 
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where θ  denotes the rotor angle; ω  is the angular speed 
of the generator; '

qEΔ  is the q-axis transient potential; fEΔ  

is exciter output voltage; diΔ  and qiΔ  are the d-axis and q-

axis output currents of generator; '
doT  is the d-axis time 

constant; Tj is the inertia constant; Xd and Xq are the 
synchronous reactance; '

dX  and '
qX  are the transient 

reactance. 
The generator terminal voltage can be derived as: 

'd d
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q q
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being Cgen, Dgen defined as: 
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and ra as the stator resistance. 

D.   Excitation system 
The basic function of the excitation system is to provide 

direct current to the synchronous machine field winding. In 
addition, the excitation system provides control and 
protective functionalities by means of controlling the field 
voltage and the field current [27], [46]. In this case, a 
simplified excitation system is modeled including terminal 
voltage transducer and excitation regulator.  

The root mean square (RMS) value of terminal voltage 
eqE  can be calculated as follow: 

2 2
d qeq vE v= +                (17) 

The terminal voltage transducer can be described as: 
1(s)

1trans
R

G
T s

=
+

              (18) 

where TR represents the terminal voltage transducer time 
constant. 



 

The excitation regulator can be expressed as follow: 
_

_ p_(s) i exci
exciter regu exci

K
G K

s
= +        (19) 

where p_ exciK  and i_ exciK  represent the proportional and 
integrated terms of the exciter regulator. 

Equations (17) to (19) can be converted to the following 
small-signal state-space form  
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The algebraic output equation can be presented as: 
6
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where Ef  is the exciter output voltage. 

E.   Hierarchically-controlled PV-battery system 
The P−ω droop controller of the VCI can be expressed as: 

( )*
inv hydro syn p inv invm P Pω ω ω= + Δ − −       (24) 

dinv inv Ptθ ω θ= + Δ∫              (25) 

where hydroω  is the fundamental value of the P−ω droop 
controller; synωΔ is a signal generated by the synchronization 
controller in secondary control to ensure the synchronization 
before connecting the VCIs to hydropower-based local grid; 
mp is the P−ω droop coefficient; *

invP  is the active power 
reference; invP  is the active power output of PV-battery 
system; PθΔ  is generated by a PI regulator in tertiary 
control in order to ensure that VCIs can inject the dispatched 
power into the hydropower station-based local grid. 

The power transmitted from the PV-battery system to the 
hydropower plant depends on the power transmission 
theorem. By considering the predominant inductive line 
impedances, the active power flow can be expressed by the 
following equations, with the inductive line impedance: 

sinPBS P PP K θ θ= Δ              (26) 

eq PBS
P

line

E E
K

Xθ =                (27) 

where PPBS is the active power output of PV-battery system; 
EPBS is the RMS value of the PV-battery system output 
voltage, and Xline is the equivalent inductive line impedance.  

As the bandwidth of the inner voltage and current loops 
are normally designed at 1/5 to 1/10 of switching frequency, 
the cutoff frequency of the low pass filter (LPF) in droop 
control loop are usually 1/10 or even more slower than the 

bandwidth of inner loops in order to avoid undesirable 
interactions. Besides, primary control is usually 6 times faster 
than the secondary control [39]. Thus, the transient response 
and control procedure of the droop controller and the inner 
loops should be faster enough to be neglected compared with 
the tertiary control and the governor dynamics.  

The major issue that may affect the system stability and 
the transient response is the communication fault of the 
tertiary and secondary control. Some previous works [39], 
[40] investigated the impact of communication latency of the 
secondary control in MGs. In [39], both centralized and 
decentralized controllers present good performance for a time 
delay of 200ms (about 10 line cycles). In view of this case, 
the centralized secondary control is employed, thus, it has the 
capability to maintain the proper operation with latencies of 
less than 1 s [39]. Therefore, the hierarchically-controlled 
PV-battery system in this case can be simplified as shown in 
Fig. 2, which includes the PI regulator in tertiary control, the 
power transmitted loop PK θ , and a LPF which represented 
the simplified droop control loop and inner voltage and 
current loops. 

Therefore, the corresponding linearized small-signal state-
space equations can be derived from (26), (27) as: 

^

8 8
PBS

PBS PBS

X X
P P

A
Δ Δ⎡ ⎤ ⎡ ⎤

=⎢ ⎥ ⎢ ⎥Δ Δ⎣ ⎦ ⎣ ⎦
              (28) 

_ _(
1

)
0

i PBS P c p PBS P c c
PBS K K K K

A
θ θω ω ω

−⎡ ⎤
= ⎢ ⎥
⎣ + ⎦−
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where _p PBSK  and i_ PBSK  are the parameters of the PI 
controller in tertiary control; cω  is the bandwidth of LPF.  

F.   Combined model of hybrid MG 
A mathematical transformation is necessary to combine 

the hydropower station and PV-battery system models. The 
transformation is based on the relationship between PV-
battery system output current and the hydropower station 
output current based on Kirchhoff's current law, as the load 
current should equal to the sum of PV-battery system output 
current and hydropower station output current as shown in 
integration part of Fig. 2. 

( )_ _ _
1

dq load dq PBS dq hydro
sbase

i i i
I

Δ − Δ = Δ       (31) 

where Isbase is the base value of generator output current. 
Hypothetically, the amplitude of generator’s output 

voltage eqE  can be assigned to 1, by means of excitation 
regulator. The small-signal form of PV-battery system output 
current in dq reference frame can be expressed as follow: 

_
2
3

PBS dq PBS dq
dq PBS

sbase

P v P v
i

V
Δ + Δ

Δ =          (32) 

where Vsbase is the base value of generator output voltage. 
The output current of hydropower is equal to the 



 

difference of load current and PV-battery system output 
current. Thus, the small-signal state-space form of the 
hydropower output current can be presented as:  

1
'
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d
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i
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            (34) 

where Ka, Kb, Kc and Kd are constants. 
The small-signal dynamics of the terminal voltage can be 

derived from (17) as follows: 

d
eq eq

q

v
E K

v
Δ⎡ ⎤

Δ = ⎢ ⎥Δ⎣ ⎦
              (35) 

1 1
2 22 2 2 2( ) ( )eq d qd q d qK v vv vv v− −⎡ ⎤= ⎢ ⎥⎣

+
⎦

+     (36) 

By substituting dvΔ , qvΔ , diΔ , and qiΔ  from (15) to 
(33), the small-signal form in (35) can be rearranged as: 

( ) '
2 1eq eq gen eq gen i q eq Pn Se Bg iE K C K D C E K D C PΔ = + Δ + Δ   (37) 

Based on (3)-(37), a complete state-space small-signal 
model of the hybrid PV-battery-hydropower MG can be 
obtained by combining the sub-state-space models of the 
hydraulic governor, hydraulic turbine, generator, excitation, 
hierarchically controlled PV-battery system, and 
transformation and integration model, which are given by (6), 
(9), (13), (20) and (28). The hybrid power system has a total 
of 12states. 

[ ] [ ]
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, 11 govA A= , 

13 0 0govA B⎡ ⎤= ⎣ ⎦ , [ ]21 0 0 turA B= , 22 turA A= ,  

[ ]31 1 20 0gen turA B C= , 32 1 1gen turA B C= , 

[ ]33 3 20 0gen gen iA A B C= + , 34 2gen exciA B C= , 

[ ]35 3 10gen iA B C= ,  

43 20 0exci eq gen eq gen iA B K C K D C⎡ ⎤= +⎣ ⎦ , 44 exciA A= , 

45 10exci eq gen iA B K D C⎡ ⎤= ⎣ ⎦ , 55 PBSA A= . 

IV.   STABILITY ANALYSIS BASED ON LINEARIZED MODEL 
In order to analyze and to ensure system stability, as well 

as to adjust the transient response of the hybrid system, the 
eigenvalues of (38) are represented along several root locus 

plots as a function of different parameter variations. The 
system parameters and equilibrium point are listed in Table I.  

Fig. 3 shows the root locus plot for the system by 
considering a variation of the proportional term of the 
hydraulic governor regulator Kp_hydro from 10-3 to 10-1. It can 
be seen that the system response becomes underdamped when 
increasing Kp_hydro. In this case, the system will become 
unstable when Kp_hydro increases beyond 2.5. 

Fig. 4 shows the root locus plot for the system as a 
function of the variation of the proportional term in excitation 
system regulator Kp_exci from 0.01 to 3. The system has an 
underdamped response for higher values of Kp_exci. The 
system can maintain stability as the eigenvalues are displaced 
only within the left hand plane. Therefore, Kp_exci can be 
varied in a wider range in comparison with Kp_hydro. 

Fig. 5 shows the root locus plot for the system 
corresponding to a variation of terminal voltage transducer 
time constant TR in the range of 10-3 to 10-1. The figure shows 
that increasing TR leads to one pair of complex conjugated 
poles 8λ  and 9λ , which are split as two real poles. The 
single pole is attracted toward the origin, while maintaining 
the poles in the left half plane. 

Fig. 6 shows the root locus plot for the system considering 
a variation of proportional term of tertiary controller in PV 
system Kp_PBS from 10-5 to 10-3. As Kp_PBS increases, the 
single pole becomes attracted to the origin without any 
oscillation. Thus, system behavior can be regarded as a first-
order system but it turns slower. As the pole remains in the 
left half plane, the system is stable in the range of concern. 

Fig. 7 shows the root locus plot for the system considering 
a variation of cutoff frequency of LPF in PV system cω  
from 0.01 to 100. As cω  increases, the single pole tends to  

TABLE I 
MODEL PARAMETERS AND EQUILIBRIUM POINT 

Model Parameters 
Symbol values Symbol values Symbol values 

_p hydroK  1 JT   5.6812 RT  1e-3 

_i hydroK  0.05 '
doT  0.012 _excipK  0.05 

pR  0.005 dX  1.8 i_exciK  0.5 

PT 0.005s qX  0.895 _p PBSK  0.02 

GT 0.05s '
dX 0.184 i_ PBSK  0.10 

wT 2.0s ar 0.082 PK θ  1.08e+5 

aK  1.1e-05 cK  -1.24e-04 cω  50 rad/s 

bK  0.0022 abaseω  100pi rad/s dK  -0.0496 

abaseV  326.5986 loadR  100 Ω   
Equilibrium Point 

Symbol values Symbol values Symbol values 
*ω  1rad/s di  0.0022 qi  -0.0493 
'
qE  0.9954 du  -0.0443 qu  0.999 
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Fig. 3  Trace of modes as a function of proportional term of hydraulic 

governor regulator: 10-3 < Kp_hydro < 0.1. 
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Fig. 4  Trace of modes as a function of proportional term of excitation 

system regulator: 0.01 < Kp_exci < 3. 
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Fig. 5  Trace of modes as a function of terminal voltage transducer time 

constant: 10-3 < TR < 0.1. 
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Fig. 6  Trace of modes as a function of proportional term of tertiary 

controller in PV -battery system: 10-5< Kp_PBS < 10-3. 
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Fig. 7  Trace of modes as a function of cutoff frequency of LPF in PV 

system: 0.01 < cω  < 100. 
 

move far away from the origin without any oscillation. Note 
that, the higher the cutoff frequency, the faster the system 
response is. Therefore, the tradeoff between the response 
speed and the interaction between the inner voltage and 
current controllers has to be taken into account when the cut-
off frequency of the LPF is designed. 

V.   FREQUENCY AND VOLTAGE STABILITY ANALYSIS BASED 
ON A DEMONSTRATION OF HYBRID MICROGRID 

In this Section, system frequency and voltage stabilities 
are analyzed using simulation models based on a 
demonstration hybrid MG, which include 2 MWp of PV, a 
15.2 MWh lead-acid battery system, and a 12.8 MVA 
hydropower plant under several case-study scenarios. The 
hybrid MG used in this paper is shown in Fig. 8.  

Figs. 9(a) and (b) show the transient response of system 
frequency and voltage when 1 MW load is connected to the 
hybrid MG at t=100 s. After 60 s of oscillation, the system 



 

frequency finally stabilized at 49.79 Hz, while the 35 kV bus 
voltage of the hybrid MG stabilized at 34.46 kV. The voltage 
and frequency drops resulting from the step change of the 
output active power can be compensated by increasing the 
hydropower plant’s voltage and frequency per unit 
references. 

Figs. 10(a) and (b) show the transient response of system 
frequency and voltage when 1 MW load is disconnected from 
the hybrid MG at t=200 s. After 50 s oscillations, the system 
frequency is finally restored to 49.98 Hz, while, the 35 kV 
bus voltage is restored to 34.79 kV. 

Fig. 11(a) shows the transient response of system 
frequency when solar irradiance suddenly dropped to 30% at 
t=100 s. After about 70 s oscillations, system frequency 
finally stabilized at 49.98 Hz, which is almost same as the 
system frequency before the solar irradiance drop. Fig. 10(b) 
illustrates the 35 kV bus voltage variations. After about 70 s 
oscillations, the voltage stabilized at 34.81 kV. Fig. 10(c) 
presents the output power transient response of one of the 
PV-battery stations in parallel when solar irradiance suddenly 
dropped to 30% at t=100 s. Notice that the active power 
output of the VCIs is reduced by 19.74% (197.4 kW) at 100 
s. After about 60 s oscillations, the active power output is 
restored to the nominal value (1MW) by means of 
discharging the battery storage system. 
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Fig.9.  Transient response during step up load disturbance.  
(a) Frequency, (b) 35kV bus voltage. 
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Fig.10.  Transient response during step down load disturbance.  
(a) Frequency, (b) 35kV bus voltage. 
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Fig.11.  Transient response during solar irradiance drop. (a)Frequency, (b) 
35kV bus voltage, (c) Output power of PV-battery system. 

VI.   EXPERIMENTAL RESULTS 
An experimental hybrid MG setup consists of two three-

phase inverters formed as a hybrid PV-battery-hydropower 
MG, as shown in Fig. 12. This was used to verify the validity 
of theoretical analysis about the frequency stability and to test 
the performance of the proposed hierarchical controller. Fig. 

13 shows the overall control scheme of the experimental 
platform. This includes two Danfoss 2.2 kW inverters, a 
dSPACE1006 real-time control and acquisition platform, 
LCL filters, and LEM sensors. Three 2 kW resistors are 
connected to each inverter to simulate different loading 
conditions. An LR line impedance is connected between two 
inverters. The switching frequency is 10 kHz.  

In this setup, inverter 1 is used to simulate the hydropower 
station. The proposed hierarchical control is implemented in 
the other unit to simulate the VCI interfaced PV-battery 
system. The electrical setup and control system parameters 
are listed in Table I and Table II. Different case-study 
scenarios have been considered to validate the proposed 
controller. 

A.   Hot-swap operation 
Fig.14 shows the transient response when the PV-battery  
 

 
Fig. 12.  Experimental setup

 
Fig. 13 Overview control scheme. 
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TABLE II 
POWER STAGE AND CONTROL SYSTEM PARAMETERS  

Parameters 
Value 

Symbol Description 

DG Inverter, Output Filter and Line Impedance 

Vdc DC Voltage 650 V 

VMG MG Voltage 311 V 

f MG Frequency 50 Hz 

fs Switching Frequency 10k Hz 

Lf1 Filter Inductance 1.8 mH 

Cf Filter Capacitance 25 µF 

Lf2 Filter Inductance 1.8 mH 

Lline Line impedance 1.5 mH 

rline Line impedance 0.4 Ω 

Loads 

Rload1 Local Load 1 115 Ω/ 230 Ω 

Rload2 Local Load 2 230 Ω/ 460 Ω 

Rload2 Step up/ down load 460 Ω 

Inner Loops 

kpi Current proportional term 0.07 

Kii Current integral term 0 

Kpv Voltage proportional term 0.04 

Kiv Voltage integral term 94 

Power Droop Control 

kpP Active power droop proportional coefficient 5e-7 

kiP Active power droop integral coefficient 6e-6 

kpQ 
Reactive power droop proportional 

coefficient 
1e-5 

kiQ Reactive power droop integral coefficient 0 

Secondary Control 

kp_s Frequency proportional term 0.00059 

ki_s Frequency integral term 0.0001 

kp_s_A Amplitude proportional term 0.001 

ki_s_A Amplitude integral term 0.1 

Tertiary Control 

Kpp_Ter Active power proportional term 3e-4 

Kpi_Ter Active power integral term 25e-4 

Kqp_Ter Reactive power proportional term 1e-3 

Kqi_Ter Reactive power integral term 1e-2 

 
system is connected to the hydropower plant. As it can be 
observed in this figure, DG units are operating with different 
power rates. The hydropower unit is connected to a 115 Ω 
load feeding around 1200 W. On the other hand, the PV-
battery system is connected to a 230 Ω load feeding around 
626 W. After the synchronization process, DG units are 
connected at 7.7 s, operating in parallel like an islanded MG. 

It is worth noting that the output powers of both units nearly 
maintain their previous values after the connection. The 
reason of this is that the power reference value in the tertiary 
control is preassigned to zero in order to reduce overshoots 
during the connection process. At 13.5 s, the tertiary control 
starts to act by increasing the power reference value to 130 
W. It is can be seen that the output power of the PV-battery 
system is increased by 130 W, while the output power of 
hydropower station is decreased also by 130 W, as shown in 
Fig. 14(b). The tertiary controller successfully controls the 
output power of PV to the desired value. The maximum 
active power overshoot in Fig. 14(b) is 0.17 per-unit. Fig. 
14(a) shows the frequency response of both DG units during 
the connecting process. After about 85 s, the system 
frequency is restored to 49.987 Hz due to the compensation 
of the output power from PV-battery system. The frequency 
overshoot is very small. As can be observed, even with 
different power rates and power sources, the DG units with 
the proposed control strategy will still maintain stable parallel 
operation to regulate successfully the output power and 
system frequency. Fig. 14(c) shows the reactive power 
sharing performance. As seen that 150 Var reactive power is 
exchanged between DGs even though the power step-up 
change is in active power, because the presence of the 
resistive part in the RL line impedances and the lines. This 
effect can be reduced by increasing the voltage magnitude 
droop coefficient in the primary control at the expense of 
reducing the voltage quality. The details of the transient 
process can be found in each sub-figure. 

Fig.15 shows the transient response when the PV-battery 
system is disconnected from the hydropower plant. As it is 
can be seen, the PV-battery system is disconnected from the 
hydropower station at 16.88 s, and the tertiary control is 
disabled. Fig. 15 (a) illustrates the frequency response of two 
DG units. The frequency of PV-battery system is restored to 
nearly 50Hz in about 4 s. The deviation of PV-battery system 
frequency is determined by the P- ω  droop coefficient and 
the output power. Meanwhile, the frequency of hydropower 
station decreases from 49.987 Hz to 49.985 Hz after around 
50 s because of the PV output power withdraw and hydraulic 
output power increase. As can be observed, the output power 
of hydropower system is increased immediately to supply the 
total amount of local load. At the same time, the output 
power of PV-battery system is decreased to its original value 
as the tertiary control is turned off. Fig. 15(c) illustrates the 
obtained reactive power sharing performance. 

B.   Load disturbances in hydropower side 
Fig. 16 shows the transient response for a load step-up 

change in the hydropower station side. At the beginning, the 
DG units are operating in parallel with different power rates. 
The hydropower station is connected to a 230 Ω load. 
However it is feeding around 490 W because the PV-battery 
system supplies 120 W by means of the tertiary control. The 
PV-battery system is connected to 460 Ω load feeding of 



 

6 10 14 18
49.98

50

50.02

 
(a) 

6 8 10 12 14 16
500

1000

1500
(1)

(1)

 
(b) 

6 8 10 12 14 16
-200

0

200

 
(c) 

Fig.14.  Transient response when PV -battery system is connected to 
hydropower station: (a) frequency; (b) active power response; (c) reactive 
power response. Hydropower station (red) and PV-battery system (green). 

 

around 430 W, which includes the extra 120 W caused by 
tertiary control. At 8.6 s, another extra 460 Ω load is 
connected to the hydropower station side, which causes 
around 310 W of real power step change. Note that the real 
power output of hydropower station increases by 310 W in 90 
s to supply the needed current as shown in Fig.16 (b). 
Whereas, the active power output of the PV-battery system is 
finally restored to its original value with nearly no increase 
thanks to the hierarchical controller. The output power of PV-
battery is barely affected by the hydropower station-side load 
step-up disturbance. The maximum active power overshoot 
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Fig. 15.  Transient response when PV -battery system is disconnected from 
hydropower station: (a) frequency; (b) active power response; (c) reactive 
power response. Hydropower station (red) and PV-battery system (green). 

 
in Fig. 16(b) is 0.37 per-unit that caused by the oscillation of 
system frequency. Fig. 16(a) depicts the frequency response 
to the load disturbance for both DG units. It can be seen the 
system frequency decreased from 49.995 to 49.99 Hz due to 
the increase of the hydraulic output power. The frequency 
overshoot is 0.00088 per-unit. Note that, the system 
frequency is determined by hydropower station, which is 
operated as voltage reference bus. Fig. 16(c) illustrates the 
reactive power response. There is also a large overshoot 
which can be reduced at the expense of voltage quality. 

Figs.17 shows the transient process to a load step-down 
change in hydropower station side. As can be observed in this 
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Fig. 16.  Transient responses to a load step up change in hydropower station 
side: (a) frequency; (b) active power response; (c) reactive power response. 

Hydropower station (red) and PV-battery system (green). 
 
figure, the original operation state is the end of the last test as 
shown in Fig. 16. At 10 s, the 460 Ω load was disconnected 
from the hydropower station side, which results in around 
310 W of real power step down. The real power output of 
hydropower station decreases to 485 W, as shown in Fig.17 
(b). By contrast, the active power output of PV-battery 
system is finally restored to its original value without nearly 
any change due to the hierarchical controller. Fig. 17(a) 
depicts the frequency response to the load disturbance for 
both DG units. System frequency has increased from 49.99 to 
49.995 Hz due to the decrease in hydraulic output power. The 
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Fig. 17.  Transient responses to a load step down change in hydropower 
station side: (a) frequency; (b) active power response; (c) reactive power 

response. Hydropower station (red) and PV-battery system (green). 
 
frequency overshoot is 0.001 per-unit. Fig. 17(c) illustrates 
the reactive power response. 

C.   Load disturbances in PV-battery system side 
Fig.18 shows the transient response for load step-up and 

step-down changes in PV-battery system side. At the 
beginning, the DG units have the same parallel operation 
states with scenario B, in where the hydropower station feeds 
are around 490 W and the PV-battery system feeds are 
around 430 W. At 10.26 s, another 460 Ω load is connected 
to the PV-battery system side, which causes around 310 W of 
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Fig. 18.  Transient responses to a load step up/down changes in PV-battery 
system side: (a) frequency; (b) active power response; (c) reactive power 

response. Hydropower station (red) and PV-battery system (green). 
 
real power step-up change. As can be observed in Fig 18(b), 
the real power output of PV-battery system increases 
immediately by 310 W to supply the needed current. 
Meanwhile, the active power output of hydropower station is 
kept constant since the injected power from PV-battery 
system to hydropower station is controlled at a constant value 
(120W) by means of the tertiary controller. Fig. 18(a) shows 
the frequency response to the load step changes. As the 
system frequency is determined by the hydropower, the 
responses of both DGs’ frequencies are nearly constant, 
except for two small overshoots in PV-battery system 

frequency when the load steps up and down. At 26.69 s, the 
460 Ω load is disconnected from the side of PV-battery 
system. It can be seen that the active power output of PV-
battery system is immediately decreased to the original value 
430W without change on hydraulic active power output. Fig. 
18(c) shows the reactive power response of both DG units. 

These tests show that the proposed control strategy can 
achieve not only a proper parallel operation of the 
hydropower station and the PV-battery system with different 
power rates and control methods, but can also completely 
decouple the control of the active power output of different 
DG units. 

VII.   CONCLUSION 
This paper proposed a hierarchical controller for islanded 

hybrid PV-battery-hydropower MG to achieve parallel 
operation of hydropower station and PV-battery system with 
different power rates. The proposed controller achieves a 
complete decoupling power control between hydropower 
station and PV-battery system. An integrated small-signal 
state-space models for both hydroelectric power and PV-
battery system were developed to analyze the stability of the 
hybrid MG. Root locus plots are also presented to help 
identify the origin of each mode to improve system stability. 
Frequency and voltage simulation results were obtained from 
an islanded hybrid MG demonstration by considering several 
case-study scenarios. Experimental results validate the 
effectiveness of the proposed approach. 
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