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Frequency control of a wind‑diesel system 
based on hybrid energy storage
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Abstract 

To improve the stability of a wind-diesel hybrid microgrid, a frequency control strategy is designed by using the 
hybrid energy storage system and the adjustable diesel generator with load frequency control (LFC). The objective 
of frequency control is to quickly respond to the disturbed system to reduce system frequency deviation and restore 
stability. By evaluating the area control error, the disturbance state of the system can be divided into four different 
areas by a corresponding control strategy for precise adjustments. For the diesel generator, an adaptive sliding mode 
(SM) algorithm is used to design LFC that can participate in frequency modulation. The frequency coordination con-
trol strategy proposed in this paper can realize the partition adjustment according to different resources, and ensure 
frequency stability. The proposed control strategy is verified by RTDS simulations in multiple scenarios.
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1  Introduction
For the wind-diesel based microgrid, the fluctuation of 
wind energy, random load and uncertain system param-
eters may cause large frequency deviations [1, 2]. With 
only diesel generator adjustment, it is difficult to assure 
the frequency stability because of its long response time. 
Thus, energy storage equipment is often installed to opti-
mize the frequency control [3, 4].

Many optimization studies have been carried out on 
energy storage systems [5–12]. Based on a superconduct-
ing magnetic energy storage system, a frequency control 
method is proposed in [6] to reduce system frequency 
deviation. In [7], each doubly-fed induction generator 
wind turbine is equipped with an ultra-capacitor, and a 
two-layer constant power control scheme is proposed to 
control active power and regulate the grid frequency. In 
[8], superconducting magnetic energy storage is used to 
assist load frequency control (LFC) to smooth the fre-
quency fluctuation, while in [9], the frequency stability 

is considered by using energy storage technology with an 
advanced control method. In order to improve the effi-
ciency of the energy storage system, the hybrid energy 
storage system (HESS) with coordinated control strategy 
is applied to smooth the frequency deviation.

Energy storage devices may be an effective technology 
to smooth the frequency deviation, but large-scale energy 
storage can increase the cost of the microgrid. However, 
LFC can often be designed for a renewable power system 
to realize frequency control. In [13], an adaptive LFC is 
designed for a multi-area diesel power system to improve 
frequency stability, whereas in [14], a fuzzy PI LFC is 
constructed for the interconnected power system includ-
ing wind energy. The sliding mode (SM) algorithm can 
also be used to design LFC because of its robust perfor-
mance [15–19]. In [15], the SM method is used to design 
the vector control for the stability of a power system with 
high wind energy penetration, while in [16], an SM fre-
quency control is proposed for an interconnected power 
system. SM LFC is also constructed to assure system fre-
quency stability based on the disturbance observer [17, 
18]. This can improve controller accuracy. In [19], a dou-
ble SM controller is designed for an isolated microgrid 
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with renewable sources and the system frequency devia-
tion can be effectively reduced.

In order to realize the partition adjustment of fre-
quency when the system is disturbed, this paper intro-
duces a new control strategy, one which combines LFC 
and Hess to quickly and accurately adjust the frequency 
of the wind power diesel power generation system. The 
main contributions of this paper can be summarized as 
follows:

(1)	 LFC is proposed to take part in the frequency 
adjustment on the source side. This uses an adap-
tive SM algorithm, so that the diesel output power 
can be controlled to optimize the frequency devia-
tion.

(2)	 An HESS composed of battery and high energy 
density ultra-capacitor is used to improve the fre-
quency stability making full use of the respective 
characteristics of different energy storage devices.

(3)	 In order to improve the accuracy of frequency 
regulation, the ACE signals are divided into four 
regions so that different power generation units can 
respond to the control signals according to different 
ACE regions.

(4)	 Different scenarios are designed to simulate the dis-
turbance of the microgrid. RTDS simulation results 
show that the proposed new coordinated control 
strategy can effectively cope with the disturbance 
for the distributed source. At the same time, a 
research case is proposed for comparison to prove 
the strategies designed in this paper.

The rest of the paper is organized as follows. The wind-
diesel microgrid model is introduced in Sect. 2. In Sect. 3, 
the frequency control strategy with the designed adaptive 
SM LFC and HESS is proposed, while Sect. 4 shows the 
simulation results in multiple scenarios. Finally, the sum-
mary is given in Sect. 5.

2 � Model of wind‑diesel microgrid
The wind-diesel hybrid microgrid is composed of wind 
power unit, diesel generator, ultra-capacitor unit, bat-
tery unit and load. Among them, the diesel generator is 
the main power source of the microgrid, the penetration 
ratio of the wind power is about 30%, and the rest of the 
power is borne by the energy storage. The topological 
structure of the system model is shown in Fig. 1.

From Fig. 1, it can be seen that the diesel generator and 
wind power generator are connected to the system bus. 
The control center can give different reference instruc-
tions for different working conditions according to the 

fluctuation of wind and load power. The active power bal-
ance equation of the ith area is given as:

where i = 1, 2, j = 1, 2 and i  = j . Pmi is the diesel gen-
erator output power, PGWi is the wind turbine generator 
(WTG) output power, PBESi is the charging or discharg-
ing power of BES, PUCi is the ultra-capacitor charging or 
discharging power, �Pij is the transmitted power of the 
tie-line, and PLi is the area active load.

The detailed transfer function model of each area is 
shown in Fig. 2 [20].

From Fig.  2, it can be seen that the diesel generator 
model consists of a governor and turbine. The adaptive 
SM LFC control output ui(t) is designed for the governor 
of the diesel generator to regulate its output power. The 
controller can generate control signal 1 and control signal 
2 by the ACE of different areas, which are then fed to the 
battery and capacitor for power regulation. The process 
of deriving the dynamic equation of the ith region is:

(1)Pmi + PGWi + PBESi + PUCi − Pij = PLi

Fig. 1  Block diagram of wind-diesel micro-grid

Fig. 2  The ith transfer function model of the wind-diesel microgrid
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where �fi(t) , �Pmi(t) , �Pvi(t) , �PLi(t) , and �Pij(t) are, 
respectively, the change of frequency, adjustable gen-
erator output power, governor value position, load dis-
turbance and the tie-line power. �Ei(t) and ui(t) are the 
integral control and control signal generated by the local 
LFC, respectively. Tij is the interconnection gain between 
the ith and jth areas, Tpi , Tchi and Tgi are the time constants 
of the system, turbine and governor, respectively. Kpi and 
KEi are the respective gains of the system and integral 
control, ri is the governor speed regulation coefficient, 
and ni is the frequency bias factor.

2.1 � Model of BES
In previous studies [21], the BES model is described as 
a first-order transfer function, but the model can be 
improved for better accuracy as in [22]. The main compo-
nent of the BES is composed of parallel/series connected 
battery cells and the cascaded controllable bridge circuit 
connected to the Y /�− Y  transformer. The equivalent 
circuit model of the BES is shown in Fig. 3.

From Fig. 3, the DC voltage of the battery Vbt before the 
power electronics inverter is given as:

(2)
�ḟi(t) = − 1

Tpi
�fi(t)+

Kpi

Tpi
(�Pmi(t)+�PUCi(t)+�PBESi(t)+�PGWi(t))

−Kpi

Tpi
�PLi(t)+�Pij(t)

(3)
�Ṗmi(t) = − 1

Tchi
�Pmi(t)+

1

Tchi
�Pvi(t)

�Ṗvi(t) = − 1

Tgiri
�fi(t)−

1

Tgi
�Pvi(t) − 1

Tgi
�Ei(t)+

1

Tgi
ui(t)

(4)�Ėi(t) = KEini�fi(t)+ KEi�Pij(t)

(5)�Ṗij(t) = Tij[�fi(t)−�fj(t)] where Vt is the phase voltage in the AC side, α◦
i  is the 

firing delay angle of converter i , Xco is the commutat-
ing reactance which can be ignored because of its small 
value. Direct current IBES flowing into the battery is given 
as:

where Vboc is the open circuit voltage of the battery, Vb 
is the voltage across the R–C. This models the dynamic 
behavior of the battery. Rbt is the connecting resistance, 
and Rbs is the internal resistance.

Multiplying (7) and (8) yields the active power absorbed 
by the BES as [23]:

2.2 � Model of ultra‑capacitor
The ultra-capacitor model can often be represented by 
a parallel capacitor and resistor circuit [24, 25], and its 
mathematical model can be described as:

where �Vd,�Id and �PUC are the variations of the ultra-
capacitor voltage, current and output power, respectively. 
KCA is the control gain, TC is the time constant, and Kvd 
is the gain of the voltage feedback. CU and RU are the 

(6)Vbt =
3
√
6

π
Vt(cosα

◦
1 + cosα◦

2)−
6

π
XcoIBES

(7)IBES = Vbt − Vboc − Vb

Rbt + Rbs

(8)�Id = 1

1+ sTC
(KCAACEi − Kvd�Vd)

(9)�Id = 1

1+ sTC
(KCAACEi − Kvd�Vd)

(10)�Vd = RU

1+ sRUCU
�Id

(11)�PUC = (Vdo +�Vd)�Id

Fig. 3  The equivalent circuit model of BES
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equivalent capacitance and resistance, respectively, while 
Vdo is the initial capacitor voltage.

2.3 � Model of WTG​
The WTG configuration diagram is shown in Fig. 4, and 
its mechanical output power Pw is proportional to the 
cube of wind speed, expressed as [26, 27]:

where Vw is the wind speed, ρ is the air density, Ar is the 
rotor cross section, Cp(�,β) is the power coefficient, β is 
the blade pitch angle, and � = Arω/Vw is the tip speed 
ratio. The angular rotor speed ω is given by:

where J  is the moment of inertia of the system.
If ω is faster or similar to the synchronous angular 

velocity of rotor ω0 , the WTG output power PGW  is given 
as [28]:

where V  is the phase voltage, R1 and R2 are the stator 
and rotor resistances, respectively, X1 and X2 are the 
stator and rotor reactance, respectively, and the slip is 
ς = (ω0 − ω)/ω0.

3 � Frequency control strategy
3.1 � Control principle
In the hybrid wind-diesel microgrid, the ACE is an 
important index to assure the stability of the system [29–
31], and can be expressed as:

where ni is the frequency deviation factor.
In order to improve the LFC accuracy, the �ACE value 

can be divided into four control intervals according to 
the performance of different generators. ACEN , ACEA 
and ACEE are the lower thresholds of normal regulation 
zone, alert regulation zone and emergency regulation 

(12)Pw = Cp(�,β)V
3
wρAr

2

(13)ω2 =
∫

2

J
(Pw − PGW )dt

(14)PGW = −3V 2ς(1+ τ )R2

(R2 − ςR1)2 + ς2(X1 + X2)
2

(15)�ACEi = �Pij + ni�fi

zone, respectively. Based on those thresholds, four con-
trol zones can be defined as:

•	 |�ACE| ≤ ACEN is the dead zone.
•	 ACEN < |�ACE| ≤ ACEA is the normal regulation 

zone.
•	 ACEA < |�ACE| ≤ ACEE is the alert regulation 

zone.
•	 ACEE < |�ACE| is the emergency regulatory zone.

The system operational state is monitored by the dis-
patching center, which can quickly obtain the safe level 
of the system and the value of �ACE to keep the balance 
between load and source.

3.1.1 � The dead zone
In order to prevent unnecessary action of the governor 
system, a dead zone is set near the rated frequency. The 
tie-line power and frequency fluctuations in the dead 
zone are small, so a high-power density ultra-capacitor 
may be the best choice to resolve the small power fluc-
tuations in the dead zone. The required power is given as:

where ED
ACE is the total required power of the Dead Zone.

If ED
ACE is positive, the ultra-capacitor absorbs excess 

power from the system, whereas the ultra-capacitor 
increases its output power when ED

ACE is negative. There-
fore, the response power of the ultra-capacitor in the 
dead zone is described as:

where Pdis−max
uc  and Pdis−max

uc  are the ultra-capacitor’s 
maximum allowable discharging and charging power, 
respectively.

3.1.2 � The normal regulation zone
When a small disturbance occurs in the power system, 
it is usually considered that the frequency deviation and 
ACE are in the normal regulation area. Here, the adjust-
able generator with adaptive SM LFC is used to meet the 
frequency modulation requirements.

In the normal state, the total demand power is:

where EN
ACE is total required power of the normal regula-

tion zone.
The response power of the adjustable generator in the 

normal regulation zone is:

(16)ED
ACE = �ACE, 0 < |�ACE| ≤ ACEN

(17)

PD
uc =

{

min
(∣

∣ED
ACE

∣

∣, Pdis−max
uc

)

, − ACEN ≤ �ACE < 0

min
(

ED
ACE , Pch−max

uc

)

, 0 < �ACE ≤ ACEN

(18)EN
ACE = �ACE , ACEN < |�ACE| ≤ ACEA

Fig. 4  Structure model of WTG​
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where Pin−max
m  and Pde−max

m  are the allowable power of 
the total adjustable generators, and can be increased and 
decreased, respectively.

3.1.3 � The alert regulation zone
In the alert regulation zone, the frequency deviation has 
exceeded the rated frequency range, and the ACE fluc-
tuation is also large. Thus, HESS is used to reduce the 
frequency deviation, where the ultra-capacitor can pro-
vide high power input or output for a short period while 
the batteries with higher energy density can operate for 

(19)PN
m =

{

min
(
∣

∣EN
ACE

∣

∣,Pin−max
m

)

, − ACEA ≤ �ACE < −ACEN

min
(

EN
ACE ,P

de−max
m

)

, ACEN < �ACE ≤ ACEA

longer periods of time. In addition, the adjustable gen-
erator with adaptive SM LFC can provide stable active 
power. Therefore, the respective characteristics of HESS 
and adjustable generator can be fully utilized to comple-
ment each other for the stable operation of the system.

The total required power used for frequency control is:

where ED
ACE is the total required power of the alert regu-

lation zone.
The response power of the ultra-capacitor, BES and 

adjustable generator in the alert regulation zone is:

(20)EA
ACE = �ACE, ACEA < |�ACE| ≤ ACEE

(21)PA
uc =

{

min
(∣

∣EA
ACE

∣

∣, Pdis−max
uc

)

, − ACEE ≤ �ACE < −ACEA

min
(

EA
ACE , P

ch−max
uc

)

, ACEA < �ACE ≤ ACEE

(22)PA
m =

{

min
(∣

∣EA
ACE

∣

∣−
∣

∣PA
uc

∣

∣, Pin−max
m

)

, − ACEE ≤ �ACE < −ACEA

min
(

EA
ACE − PA

uc , P
de−max
m

)

, ACEA < �ACE ≤ ACEE

Fig. 5  The diagram of coordinated control strategy
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where Pdis−max
BES  and Pch−max

BES  are the allowable maximum 
discharging and charging power of BES, respectively.

3.1.4 � The emergency regulation zone
In the emergency regulation zone, a variety of frequency 
modulation devices are required to balance the active 
power. If the power equipment cannot significantly 
reduce frequency deviation, other measures need to be 
taken quickly, such as load shedding through power sys-
tem dispatch.

From the above analysis, a diagram of the proposed 
control strategy is shown in Fig. 5.

3.2 � The adaptive SM LFC design
Adaptive SM LFC is used to control the adjustable gen-
erator. The design process is described in the following 
sub-sections.

3.2.1 � The switching surface design
The vector model of the system can be obtained from (2)-
(6) as:

where x(t) , A , B , F  , d(t) are given in the Appendix.
In an actual power system, the changes of load and out-

put power can change the stable operation point of the sys-
tem, so the normal state model in (25) can be refined as:

Defining w(t) = �Ax(t)+�Bu(t)+ (F +�F)d(t) as 
the uncertainty, Eq. (26) can be expressed as:

In order to design the controller, the following hypoth-
eses are given [32–34]:

Hypothesis 1  (A,B) is totally controllable.

Hypothesis 2  rank[B,w(t)] �= rank[B]

Hypothesis 3  the disturbance w(t) is constrained, 
‖w‖ < ξ , where ∥ ∥ is matrix norm and ξ is a positive 
constant.

(23)PA
BES =







min
�

�

�EA
ACE

�

�−
�

�PA
uc

�

�−
�

�PA
m

�

�, Pdis−max
BES

�

, − ACEE ≤ �ACE < −ACEA

min
�

EA
ACE − PA

uc − PA
m, Pch−max

BES

�

, ACEA < �ACE ≤ ACEE

(24)ẋ(t) = Ax(t)+ Bu(t)+ Fd(t)

(25)
ẋ(t) = (A+�A)x(t)+ (B+�B)u(t)+ (F +�F)d(t)

(26)ẋ(t) = Ax(t)+ Bu(t)+ w(t)

The following formula is chosen as the integral sliding 
mode surface:

where C and H are constant matrixes, matrix H has 
�(A− BH) < 0 , while matrix C is selected to make CB 
nonsingular. According to stability analysis, when the 
system falls on the sliding mode plane, it is in a steady 
state.

3.2.2 � The adaptive SM control laws design
Reaching law theory can enhance the dynamic perfor-
mance of arrival phase, and the following equation is used 
to meet the condition:

where σ is a non-negative constant, sgn∗ is a symbolic 
function, and r̂ is the estimation value. When multiple 
parameters are uncertain, for strong robustness of the 
controller, the parameter r̂ satisfies the adaptive rule as:

(27)η(t) = Cx(t)−
∫

C(A− BH)x(τ )dτ

(28)η̇(t) = −r̂η(t)− σ sgnη(t)

(29)˙̂r = a|η|

Fig. 6  flowchart of controller design
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where a is the adaptive positive constant.
From (29) and (30), there is:

SM LFC is as follows:

Since the system meets the condition of ηiη̇i < 0 , the 
system is rendered stable using the designed controller. 
The flowchart of controller design is shown in Fig. 6.

4 � RTDS simulation
Simulations for the microgrid are carried out in RTDS 
as shown in Fig.  7. The WTG, adjustable generator, 
HESS and load are simulated in the real-time simulator 
with 50 μs sampling time, whilst the coordinated control 
strategy is programmed in the microcontroller unit. The 
parameters of the model and control system are given in 
the Table 2. The input and output parameters in different 
cases are given in the Table 3.

In order to test the proposed control strategy, five 
cases are designed for different working conditions. 
Case 1 verifies the effectiveness of the proposed control 
strategy under step changes of wind output power and 
load. To reflect the different conditions of power system 

(30)

η̇(t) = Cẋ(t)− C(A− BH)x(t)

= CAx(t)+ CBu(t)+ Cw(t)− C(A− BH)x(t)

= CBHx(t)+ CBu(t)+ Cw(t)

= −r̂η(t)− σ sgnη(t)

(31)
u(t) = −Hx(t)− (CB)−1[Cξ + r̂η(t)+ σ sgnη(t)]

operation, cases 2 and 3 verify the superiority and gen-
eral applicability of the proposed strategy under different 
power and load fluctuations. Because of the random-
ness and uncertainty of the actual system operation, the 
advantage of the proposed control strategy is further val-
idated in case 4 under random wind power output and 
load disturbance. Finally, case 5 reflects the advantage of 
the proposed control strategy compared with other LFC 
algorithms in the literature [19].

Each case contains four operating scenarios, as:

•	 Scenario 1: the system disturbance is only the load 
fluctuation.

•	 Scenario 2: the wind power output is considered, and 
the system frequency is regulated by LFC.

•	 Scenario 3: HESS is added to the system, and each 
area responds to disturbance according to its local 
control.

•	 Scenario 4: HESS and SM LFC are coordinated to 
adjust frequency based on the proposed control 
strategy.

The different scenarios in the cases are shown in 
Table 1.

4.1 � Case 1
In order to show the superiority of the proposed strat-
egy, step load disturbance (0.3 p.u.) and step wind change 
(2  m/s) are added in two areas at 0  s and 90  s, respec-
tively. Comparing scenarios 2, 3 and 4, the simulation 
results of frequency deviation and ACE deviation for the 
three different situations are shown in Fig. 8.

Figure 8a and b show the power change of scenario 3 
and scenario 4, respectively. It can be seen that, under 
either load or wind speed fluctuation, the proposed coor-
dinated control strategy results in better response, while 
scenario 2 with no HESS has the worst results among the 
three. Figure 8c shows that the response time of the sys-
tem frequency of scenario 4 when the step load is added 
to the system is only 1.4 s, compared to more than 10 s 
for the other two scenarios. Therefore, the proposed 
coordinated control strategy can stabilize the frequency 
fluctuation, enhance the system adjustment speed and 
make the system more stable.

4.2 � Case 2
Some emergencies may occur during actual operation of 
the microgrid, such as the shutdown of wind turbines. 
In order to simulate such uncertainty, case 2 is used to 
test this abnormal operational state. A step wind speed 
(2  m/s) is defined at 0  s, such that the system is in an 

RTDS

simulation 
interface

System 
model

Running order

Router

Running order

Simulation result data

RSCAD

RTDS

Simulation result data

Fig. 7  The experimental setup based on RTDS

Table 1  The different scenarios

Operation 
scenario

Frequency 
control 
strategy

Generation unit

HESS WTG​ Diesel generator

Scenario 1 Quiet Quiet Quiet Active

Scenario 2 Quiet Quiet Active Active

Scenario 3 Quiet Active Active Active

Scenario 4 Active Active Active Active
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Fig. 8  Simulation results under step loads and wind speed, a power 
flow of scenario 3, b power flow of scenario 4, c system frequency 
deviation, d ACE deviation of area one
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frequency deviation, b ACE deviation of area one, c power deviation 
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abnormal operation state and �ACE is in the emergency 
regulation zone. Scenarios 1, 3 and 4 are tested and the 
simulation results of the area 1 frequency deviation, ACE 
deviation and the power deviation of the tie-line are 
shown in Figs. 9a–c, respectively.

As can be seen from Fig.  9a, the proposed control 
strategy makes frequency response faster and frequency 
deviation smaller. In addition, HESS is used to avoid 
frequency oscillation and make the system more sta-
ble. With different situations running in different zones, 
Fig. 9b shows that the maximum ACE deviation of sce-
nario 4 is 4 × 10−5 p.u., and the system operates in the 
normal regulation zone. In contrast, the maximum ACE 
deviation of scenario 3 is 3.5× 10−4 p.u., and the sys-
tem operates in the alert regulation zone. However, the 
maximum ACE deviation of scenario 1 has exceeded 
the threshold of the emergency regulation zone, and the 
operation of the system is unstable. From Fig. 9c, �Pij of 
scenario 1 is the largest, although the attenuation of the 
oscillation is presented, the system is still not stable after 
90  s. In contrast, scenario 4 with coordinated control 
strategy makes the system stable within 1.5  s, and �Pij 
deviation is also reduced.

4.3 � Case 3
The load side disturbance in case 3 is used to simulate the 
uncertainty, and step load disturbances (0.05 p.u.) and 
(0.1 p.u.) are added to the two different areas, respec-
tively. Scenarios 2, 3 and 4 are tested and the simulation 
results of the area 1 frequency deviation, ACE devia-
tion and the power deviation of the tie-line are shown in 
Figs. 10a–c, respectively.

Figure  10 shows that the frequency deviation of 
scenario 4 is about 0.03  Hz, ACE deviation is about 
2.62× 10−4 p.u. and �Pij is 2.1× 10−4 p.u.. The fre-
quency deviation, ACE deviation and �Pij of scenario 
3 are 0.11  Hz, 1.25× 10−3 p.u., and 6.76× 10−4 p.u., 
respectively. In scenario 2 without HESS and coordina-
tion control strategy, the frequency deviation, ACE devi-
ation and �Pij are beyond the normal ranges. Similarly, 
with the same conclusion as case 2, the proposed coor-
dinated control strategy not only improves the system 
response speed, but also decreases the frequency devia-
tion, so that the system can run stably in the normal zone.

4.4 � Case 4
In case 4, random wind speed and load are considered. 
The balance state is broken, and �ACE is in the alert 
regulation zone. Scenarios 2, 3 and 4 are tested. Figure 11 
shows the power output of each generator and the con-
sumption of the load in scenario 4. All three scenarios 
are simulated based on the same random load and WTG 
output power shown in Fig. 11.

Fig. 10  Simulation results under step load, a system frequency 
deviation, b ACE deviation of area one, c power deviation of tie-line
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From Fig. 11, the system power fluctuations are quickly 
compensated by power generation units through the 
proposed control strategy. Simulation results of the fre-
quency deviation and ACE deviation for the three differ-
ent situations are shown in Fig. 12.

From the RTDS results in Fig.  12a, the maximum fre-
quency deviation �f1 with scenario 4 is 0.08 Hz, while it is 
0.34 Hz in scenario 3 and 0.56 Hz in scenario 2. Under the 
proposed control strategy, frequency deviation is within 
the range of 0.1 Hz. The response with the propose strat-
egy also has smaller overshoot than the other two situa-
tions. Without HESS, the system frequency deviation is 
more than 0.5 Hz and the stability of the power system is 
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poor. Similarly, under the proposed control strategy, the 
ACE deviation is much smaller than the other two sce-
narios, and the system runs steadily in the normal zone. 
Without HESS, the ACE deviation has exceeded the 
threshold of the emergency regulation zone. This can eas-
ily put the system into the emergency state. Although the 
simulation results of scenario 3 are better than those of 
scenario 2, with HESS but without the proposed coordi-
nated control strategy, the system still operates in the alert 
regulation zone. Therefore, the ultra-capacitor and BES 
must respond quickly and provide strong power input 
within a short time. After that, the adjustable generator 
regulates its output power under the adaptive SM LFC. 
Thus, the combination of HESS and adjustable generator 
can effectively improve the system frequency quality.

4.5 � Case 5
In order to verify the superiority of the designed control 
strategy, we compare with the LFC algorithm proposed in 
[19]. As shown in Fig. 13a, the system frequency can be con-
trolled under the step load fluctuation (0.05 p.u.) by using 
two control methods. Then, the step wind speed (15 m/s) 
is used to verify the control strategy in Fig. 13b. Finally, the 
system operates under the random load fluctuation and 
random WTG output power conditions as in Fig. 13c.

It can be seen from Fig. 13a that, with step load fluc-
tuation, the frequency deviation of the existing LFC 
algorithm [19] is about 0.1 Hz and the response time is 
more than 5 s, while with the control method proposed 
in this paper they are reduced to 0.017  Hz and 2.21  s, 
respectively. Figure 13b shows that the system frequency 
deviation with the designed control strategy has smaller 
overshoot than that with the existing LFC algorithm 
[19] under the same source disturbance. It can also be 
seen from Fig.  13c that under the condition of random 

load fluctuation and random WTG output power, the 
frequency deviation with the existing frequency control 
algorithm is 0.127  Hz, compared to 0.048  Hz with the 

Table 2  The part model parameters and control system 
parameters

The parameters of adjustable generator model

Parameter Value Parameter Value

frate (Hz) 50 Kpi (Hz/MW) 1

Tpi (sec) 10 ri (Hz/MW) 0.05

Tchi (sec) 0.3 ni (MW/Hz) 0.425

Tgi (sec) 0.2 Tij (MW/Hz) 0.545

KEi (1/s) 1 PG-capacity (kW) 280

The parameters of HESS model

Parameter Value Parameter Value

Rbs (Ω) 0.013 Rbt (Ω) 0.0167

α1
° 15 α2

° 25

XCO (Ω) 0.02744 Ed0 (kV) 2

KCA (kA/unitMW) 70 Kvd (kA/kV) 0.1

TC (s) 0.05 RU (Ω) 100

CU (F) 1 PBES-capacity (kW) 100

PUC-capacity (kW) 80

the parameters of WTG model

Parameter Value Parameter Value

Ar (m) 14 J (kg*m2) 62,993

ρ (kg*m3) 1.225 V (V) 230.94

R1 (Ω) 0.00397 R2 (Ω) 0.00443

X1 (Ω) 0.00376 X2 (Ω) 0.0534

PGW (kW) 120

Response thresholds of the proposed control strategy

Parameter (p.u.) Value (%) Parameter (p.u.) Value (%)

ACEN 0.12 ACEA 0.3

ACEE 0.5

Table 3  The input and output parameters in different cases

Operation case Case1 Case 2 Case 3 Case 4 Case 5

Step load disturbance 0.3p.u

(t = 0 s) – 0.1p.u

(t = 0 s)/ 0.05p.u

(t = 0 s) Random 0.05p.u

(t = 0 s)

Step wind disturbance 2 m/s

(t = 90 s) 2 m/s

(t = 0 s) – Random 15 m/s

(t = 7 s)

Maximum frequency deviation (Hz) 0.121 0.017 0.030 0.082 0.025

Maximum stability

Recovery time(s) 2.21 0.90 1.63 – 1.51
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proposed control method in this paper. When the system 
frequency fluctuates within 0.5 Hz, the system can main-
tain a stable state. Therefore, it can be concluded that 
the method proposed in this paper not only smooths out 
disturbances faster than the existing algorithm, but also 
controls the frequency deviation within a smaller range 
to ensure the stability of the system.

5 � Conclusion
In this paper, based on HESS and an adjustable generator 
with adaptive SM LFC, a frequency control strategy for a 
wind-diesel microgrid is proposed. According to different 
ACE signals, the proposed control strategy can provide a 
targeted control strategy to achieve partition control. Five 
cases are designed for analysis and each case contains 4 dif-
ferent scenarios. The RTDS simulation results show that, 
under random disturbances in the system including source 
side and load side fluctuations, the proposed coordinated 
control strategy not only improves the response speed, but 
also reduces the frequency deviation, when compared to 
other existing methods.

Appendix
The specific contents of each matrix in (25) are as follows.

The part model parameters of wind-diesel hybrid 
microgrid and control system parameters are shown in 
Tables 2 and 3.

x(t) =
[
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