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ABSTRACT

This paper proposes a new controller design of heat
pumps (HP) and plug-in hybrid electric vehicles (PHEV)
for robust frequency control in a smart microgrid (MG)
system with wind farm. The system frequency can be
controlled by the smart power charging of' HP and
PHEV. The structure of power charge controller is a
proportional integral derivative (PID) with single input.
System uncertainties are modeled by the multiplicative
uncertainty. By taking the robust stability margin into
account, the particle swarm optimization (PSO) is applied
to optimize the PID controller parameters of HP and
PHEV concurrently based on specified-structure mixed
H,/H,, control approach. Simulation results confirm the
superfor robustness and performance of the proposed
control.
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1. Introduction

Nowadays, the microgrid (MG) system which is a small
power system has been paid many attentions to supply
power to system load in remote areas which are not
connected to main utility grid (UG) because of the
limitation of investment costs, right of way difficulties.
The MG can be performed autonomously in an islanding
mode and also interconnected to the main UG [11.
Generally, the MG system consists of the renewable
energy sources such as wind power (WP), photovoltaic
(PV), etc. Due to intermittent power generation from WP
and PV, the unequal generation and load demand cause
the problem of large frequency fluctuation [2,3].

In the load side, there are upward trends to install the
effectjve devices such as heat pumps (HP) and plug-in
hybrid electric vehicles (PHEV) in the smart grid [4].
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This paper presents the charging power control of HP
and PHEV installed in residences for robust frequency
control in the smart MG system with wind farm. Here, HP
and PHEV are cooperated with turbine (TB) and governor
(GOV) of diesel generator. However, the dynamic
responses of HP and PHEV are much faster than TB and )
GOV of diesel generator. As a result, the HP and PHEV
deal with suppressing the peak value of frequency
fluctuation. Also, the TB and GOV of diesel generator are
used for eliminating the steady state error of the frequency
deviation. The controller structure of HP and PHEV is the
PID. To increase, the robustness of HP and PHEV
controllers, system uncertainty model are represented by
the multiplicative uncertainty [5]. However, the robust
stability is often not adequate in the control system
design. The minimization of tracking error (i.e., &, norm)
should be taken into account [6,7].

To tackle this problem, the particle swarm
optimization (PSO) [8]-based specified-structure mixed
Hy/H,, control technique is applied to tune simultaneously
the PID control parameters of HP and PHEV. Simulation
results show the superior robustness and control effect of
the proposed HP and PHEV controllers.

2. System Modeling
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Figure 1. Smart microgrid system



Figure 1 shows the isolated smart MG system. The
studied smart MG system includes the 20 MW diesel
generator, 6 MW wind farm, 17 MW load, 1.62 MW HP
and 2.38 MW PHEV. Due to intermittent powers from
wind power (WP) and load fluctuations, the frequency
control can be performed by controlling the smart charge
power of HP and PHEV.

To take the dynamic response into consideration, the
HP and PHEV are faster than TB and GOV of diesel
generator. Therefore, the operational tasks are assigned
according to the response speed as follows. The HP and
PHEV are responsible for damping the peak value of
frequency deviation rapidly against the abrupt load
change. Subsequently the TB and GOV of diesel
generator are utilized for eliminating the steady state error
of the frequency fluctuation. As a result, the TB and GOV
models are neglected in the control design of HP and
PHEV. The linearized model of MG system is shown in
Fig.2. System parameters are given in [2,3].
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Figure 2. Linearized model of isolated MG system

In Fig2, the linearized state equations can be
expressed as

AX = AAX + BAu %))
AY =CAX + DAu : (2)
‘K Kps
Kypi(s)=Kp; +—L 4 2017
wpt ()= Kpy PR (3)
K K pas
Kypy (8) = Kpy + =124+ —L2— (4)
s Tyy8+1
K3 Kpss  °

‘KHP3(S)=KP3+ + 5)

s Ty38 +1

K Kpds

KPHEVI(S):K/)4+—SI4+%T [;4+] (6)
. dd

K;s + Kpss

s Tys8+1

(7)

Kpppva ()= Kps +

where the state vector AX = [Ple Pups Pups Ppugvr Prueys
Aj]T. Pupis Pupa, Prps, Peypyi and Ppygi are the charging
power of HP1, HP2, HP3, PHEV] and PHEV2,
respectively. Af is the change of system frequency. The
output vector AY = [Af], the control output signal Au =
Warr Unpz Unps Upnigrs Upsigral"- Unprs Unpz, Unps,
Upygry and Upygy; are the charging power control signals
of HP1, HP2, HP3, PHEV1 and PHEV2, respectively.
Kuri(8), KupAs), Kups(s), Keneri(s) and Kpyzya(s) are the
proposed PID controllers of HP1, HP2, HP3, PHEV1 and
PHEV2, respectively. The system (1) is a multi-input
single-output (MISO) system and referred to as the
nominal plant G.

3. Proposed Design Method
The proposed design method is represented as follows:

3.1 Specified-structure mixed H, / H,, control method

Multiplicative Uncertainty
AM

Controller  Nominal Plant

+,~ e u | .
K — G

+

Figure 3. Control system with inverse output
multiplicative perturbation and external disturbance

To improve the robustness of HP and PHEV
controllers against unstructured system uncertainties, the
inverse output multiplicative perturbation [5] is applied to
formulate the problem of optimization. The control
system with inverse output multiplicative perturbation and
external disturbance is shown in Fig.3. In Fig.3, G is the
nominal plant. XK is the designed controller. #(¢) is the
reference input. e(f) is the error tracking. d() is the
external disturbance. y(7) is the output of the system. A, is
the system uncertainties such as various generating and
loading conditions, system parameters variation etc.
which is modeled by multiplicative uncertainty. Based on
the small gain theorem, for a stable multiplicative
uncertainty, the system is stable if

| 7+ G Y

<1 (8)



then,

. sl <y + o5y 9)

The right hand side of (9) implies the size of system
uncertainties or the robust stability margin against system
uncertainties. By minimizing [|[(/ + GK)'|., the robust
stability margin of the closed-loop system is maximum.
This concept can be applied to design robust controller as
the cost function J,,

J.=|(1+axy (10)

oo

However, not only the robust stability, but also small
tracking error is very considerable. Accordingly, the
problem of minimizing the tracking error can be defined
by the integral of the squared error (ISE) as the cost
function J, [6,7]

) J, = :jeT (Ne(r)de = |E(s); (11)

where e() = r(f) - y(¢) is the error which can be obtained
from the inverse laplace transformation of E(s) with
Ay = 0 and d(f) =0as

E(s)=(1+GK)" R(s) (12)
Hence, the objective function is

Minimize -J, +J (13)
Subject to
K

Pi~3.min

<Kp5< K,

1=5.mexe

Kll~5.mm < Kll—S < Kl

1-5.max

Kpizs.min < Kpis < Kpis ma
Ta-smin < Taics < Tay-5.max (14)

where Kprsmin, Kirsmine Kprsmin a0d t41.5mn are the
minimum PID gains of HP1, HP2, HP3, PHEV1 and
PHEWV2, respectively. Kpismaxv, Kitsmas Kprsmax and
Ty41-5.mgx are the maximum PID gains of HP1, HP2, HP3,
PHEV1 and PHEV?2, respectively.

3.2 PSO algorithm

The PSO algorithm [8] is explained as follows:

1. Specify the parameters of PSO. Initialize a population of
the particles with random positions and velocities.

2. Evaluate the objective function in (13) for each particle.
3. Compare the fitness value of each particle with it’s the
best position for particle (pbest). The best fitness value

among all the pbests is the best position of all particles in
the group (gbest).
4. Update the velocity v, and position of particle x, by

v =wy, +c1.randl.(pbest—x,)+c2./‘and2.(gbe$t—x,) (15)

1

Xigp =X Vg (16)
Wome = Woin .
w=w T jfer (a7n
iter, .

where ¢; and ¢, are the cognitive and social acceleration

factors, respectively. rand, and rand, are the random

numbers of range (0,1). w is the inertia weight-factor. w,,;,

and W, are the minimum and maximum of inertia weight
factors, respectively. iter and itermax are the iteration

count and maximum iteration, respectively.

5. When the maximum number of iterations is arrived, stop

the process. Otherwise go to process 2.

4. Simulation Results

In optimization problem, the searching parameters and
parameters of PSO are set as follows:

Kps €[0.0001 5], K, 5 €[0.0001 5],K,_;e[0.0001 5],
(0715 e[0.000l 0.02], PSO sizes = 50, maximum iterations
=100,¢;=2,¢;=2, Wpin = 0.4 and w,,.= 0.9.

Based on (12), select R(s) = 1/(s+5) instead of step as
reference input to avoid the infinite value of H, norm. By
minimizing (13), the objective function value is 1.6498.
Consequently, the proposed HP and PHEV controllers
(PHP & PPHEV) are

28339 0.0569s
0.0075s +1
L1017 0.0774s
s 0.0088s+1
23349 0.0353s

Kypi (s)=2.5772+

Kypa (s)=3.8772+

Kyps (s)=2.7380+

0.0050s +1
‘ 2.5655  0.0951s
K =3.7467 + +
puev1 (5) 0.00935 + 1
3.6015  0.0955s
Koyp =3.1321+ + - (18
riisv2 () s 00089541 U8

To test simulation, the PHP & PPHEV is compared
with the HP & PHEV controllers called as “CHP &
CPHEV”. The CHP & CPHEV is designed by minimizing
the integral absolute error (IAE) of frequency deviation as

Minimize ]Af(t]dt -9
0



Subject to

K <Kp_s <K

P1-5.pun PE=5 max

K <K, . <K

11-5.mn I1-3 I1=5.max

K < KI)I‘S < KDI—S.max

D=5 mun

Tarzsmm < Taios < Tai_smox (20)
wherk Af; is the system frequency change. The PID
controller parameters of CHP & CPHEV are tuned
concurrently by PSO.

In normal operation, it is assumed that the isolated MG
system is performed under the WP output and random load
change as in Figs.4-5, respectively. Frequency deviation,
HP charging power and PHEV charging power are
demonstrated in Figs.6-8, respectively.

WP output fluctuation {pu)

. " . " L
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1200

Figure 4. WP output fluctuation

Random load deviation (pu)

n s n A L
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Time {sec) .

" Figure 5. Random load deviation

From Fig.6, CHP & CPHEV provides less damping
effect than PHP & PPHEV. This shows that the charging
power control effect is enhanced effectively by PHP &
PPHEV. In Fig.7, the HP charging power of CHP &
CPHEV is more than that of PHP & PPHEV. This
indicates that the HP power consumption of PHP &
PPHEV is lower than CHP & CPHEV. With Fig.8, the
PHEV charging power in the case of PHP & PPHEV is
higher than CHP & CPHEV. This implies that the PHEV
power is highly charged by the proposed controller.
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Figure 6. Frequency deviation
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Figure 7. HP charging power
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Figure 8. PHEV charging power .

Next, to investigate the robustness of PHP & PPHEV
against the system parameters variation, the I[AE of
frequency deviation (Af) under the WP output and random
load deviation in Figs. 4-5 are determined as

-

1200

IAE of &f = [ |Afldr

(21)
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Figure 9. [AE of frequency deviation

Figure 9 shows the IAE values of frequency deviation
while all system parameters are changed from -40% to
+40% of the normal values. In Fig.10, the [AE values of
CHP & CPHEV largely increase when system parameters
increase. On the other hand, the changes of IAE values in
case of PHP & PPHEV are lower than CHP & CPHEV.
This exhibits that PHP & PPHEV is very robust to the
variation of system parameters.

Next, in case of system parameters change, it is
supposed that the WP output and random load deviation as
illustrated in Figs.10-11 are subjected to the studied MG
system. During the simulation, it is assumed that time
constants of GOV (7y) and diesel generator (7,) are
increased by 40% from the normal values, the HP1
controller (Kyp;) and the PHEV2 controller (Kprpyy) are
disconnected unexpectedly at = 0 s. This implies that the
capacities of HP and PHEYV installed in the isolated MG
are reduced. Simulation result of the frequency deviation is
shown in Fig.12.

From Fig.12, the damping effect of CHP & CPHEV is
deteriorated. On the contrary, PHP & PPHEV is able to
suppress the frequency oscillation efficiently. This result
confirms the superior robustness and frequency control
effect of PHP & PPHEV over CHP & CPHEV.

0.22 -

W output fluctuation {pu}
o
N

018 -

o 260 4(‘)0 660 ESIOO
Time {sec}
. Figure 10. WP output fluctuation
(changed system parameters)
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Figure 11. Random load deviation
(changed system parameters)

---------- CHP & CPHEV
PHP & PPHEV

Frequency deviation {Hz)
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1200

Figure 12. Frequency deviation
(changed system parameters)

5. Conclusion

The new robust controller design for frequency control by
HP and PHEV in the smart MG system with wind farm
has been presented. The multiplicative uncertainty is
applied to model the unstructured system uncertainties.
The PSO-based specified-structure mixed H,/H,, control
method is utilized to simultaneously adjust the PID
controller parameters of HP and PHEV. The proposed
designed PID controllers are very robust against the
variation of system parameters. Simulation results
confirm the superior robustness and frequency control
effect of the proposed HP and PHEV controllers.
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Abstract

This paper presents a robust frequency control by heat
pumps (HP) and plug-in hybrid electric vehicles (PHEV) in a smart
microgrid with wind farm. The intermittent power generation from
wind farm causes frequency fluctuations in the microgrid. To
alleviate frequency fluctuations, the power charge control of HP and
PHEV can be applied. The proportional-integral-derivative (PID)
structure is selected as the power charge controller of HP and PHEV.
The PID parameters optimization problem is fomnulateé! based ona
mixed H,/Heo control. The particle swarm optimization (PSO) is
used to solve for PID parameters. Simulation results confirm that the
proposed HP and PHEV controller is much superior to the
conventional controller in terms of control performance and
Jobustness against system parameters variation.
Keywords : Smart microgrid, Heat pump, Plug-in hybrid electric
vehicle, Load-frequency control, Mixed H/Hey control, Particle

swarm optimization
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