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ABSTRACT An important reflection of the overall efficiency, reliability, and passenger safety of a more
electric aircraft (MEA) is the output performance of its electrical power system (EPS) controller. This
output performance encompasses the rise time, setting time, and percent undershoot of the voltage across the
capacitor bank. Therefore, this article presents an optimal controller design using an artificial intelligence
method called the adaptive tabu search (ATS) algorithm. The state-variables-averaging model is applied
with the ATS algorithm to reduce computational time. Moreover, stability analysis based on the eigenvalue
theorem is used as the penalty condition during the searching process to avoid unstable operation. The output
performance of the proposed controller design is superior to that of the conventional controller design. All
design results are verified by good agreement with MATLAB and hardware-in-the-loop (HIL) simulations.

INDEX TERMS More electric aircraft, vector control, state-variables-averaging model, adaptive tabu search
algorithm.

I. INTRODUCTION
According to published concepts for more electric air-
craft (MEA) [1], [2], [3], [4], [5], [6], aircraft performance
optimization, flight reliability improvement, and passenger
safety improvement are essential tasks. Altering the MEA
controller design is an approach with strong potential to
accomplish these tasks. Artificial intelligence (AI) techniques
are required to achieve the optimal output performance of the
MEA’s electrical power system (EPS) controller in terms of
the rise time, setting time, and percent undershoot of the volt-
age across the capacitor bank. AI can be used for controller
design and many other functions. For example, AI has been
applied to the design of active power filters for the adaptive
tabu search (ATS) algorithm [7] and genetic algorithm [8],
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power flow optimization based on particle swarm opti-
mization [9], ant colony search algorithm [10], antenna
array design using artificial bee colony algorithm [11], and
the application of the ATS algorithm to instability mitiga-
tion [12]. However, one of the crucial problems that arises
when applying AI techniques to the EPS of MEA is the
simulation time. This is because the simulation of EPS
using software packages such as PSIM and MATLAB causes
huge computational time due to switching behavior. Thus,
a time-invariant model is necessary and sufficient for the
controller design. There are several reasonable methods for
deriving the time-invariant model of EPS. The generalized
state-space averaging modeling technique [13], [14] has been
universally used for single-phase rectifiers of AC distribution
systems and the power converters of DC distribution sys-
tems. The direct quadrature (DQ) approach [1], [2], [6], [12],
[15], [16] is suitable for power converters in three-phase AC
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distribution systems. The nonlinear average-value method
modeling technique [17] has been applied to analyze 6- and
12-pluse diode rectifiers.

Based on a literature review, the AI technique called the
ATS algorithm is selected for use in the present study because
it was mathematically proven in [19] to achieve conver-
gence and escape the local solution. As for the modeling
technique, the DQ approach is applied to derive the sys-
tem model because the MEA EPS system considered in the
present study consists of an active front-end (AFE) rectifier
in three-phase AC distribution systems. Unfortunately, most
loads on the MEA are power converters with controls, which
behave as constant power loads. These loads act as negative
impedance that can significantly degrade system stability,
resulting in undesirable output performance. Consequently,
stability analysis must be included in the searching process
as a penalty condition. The eigenvalue theorem [1], [2], [6],
[12], [15], [16], [18] based on small-signal stability analysis is
applied with the dynamic model for stability analysis in the
present study. The ATS algorithm uses its stability analysis
mechanism to search the MEA EPS controller parameters
until it reaches the acceptable condition. Under the stable
operating state, the output performance of the MEA EPS
is better when using the controller designed by the ATS
designmethod than when using the controller designed by the
conventional design method. Previous research publications
have not reported the application of an AI technique for
designing the control system, including the voltage compen-
sator, of modern MEA EPS [4]. Good agreement among
the theoretical design results, MATLAB simulation results,
and hardware-in-the-loop (HIL) simulation results verify the
design approach proposed in this study.

The proposed design process based on the ATS algorithm
has the following main advantages:

• The DC bus voltage response of MEA EPS obtained
when using the controller designed by theATS algorithm
method is better than that obtained when using the
controller designed by the conventional design method.
Moreover, the application of an AI technique for design-
ing the control system, including the voltage compen-
sator, of updated MEA EPS has not yet been reported.

• A short computational time can be achieved using the
state-variables-averaging model because the switching
action of the power converter can be eliminated. It is a
beneficial tool and is suitable for obtaining an optimal
controller design using AI techniques, wherein system
responses are iteratively and continuously calculated.

• A stability assessment mechanism based on the eigen-
value theorem is integrated into design processes to
avoid the unstable margin of MEA EPS. Hence, con-
trollers designed using the proposedmethod can perform
better with confirmed stability.

• TheHIL simulation technique is used to validate the pro-
posed design concepts. This validation confirms that the
proposed controller design can be implemented using a
real TMDSDOCK28335 board.

• Other AI algorithms, e.g., artificial bee colony, ant
colony optimization, and flower pollination algorithms,
can be applied to achieve an optimal design using the
same process described in this article.

This article is structured as follows. In Section II, a single-
generator-single-bus DC distribution MEA EPS and its key
control parameters are introduced. The modeling of the MEA
EPS system using the DQ approach is detailed in Section III.
In Section IV, the ATS algorithm, including the stability
analysis mechanism during the searching process, is applied
to determine the controller parameters under load variation
conditions. The validation of the theoretical design results
by MATLAB and HIL simulations is presented in Section V.
Finally, Section VI concludes this article.

II. STUDIED MEA EPS CONFIGURATION
A simplified architecture MEA, the single-generator-single
bus DC distribution MEA EPS [6], [16] illustrated in Fig. 1,
is considered in this study. It consists of a permanent magnet
synchronous generator (PMSG) with parasitic parameters
(represented by Rs,abc and Ls,abc), an AFE rectifier, a DC
link capacitor (represented by Cdc), a DC transmission line
(represented by Rc and Lc), a bus capacitor or capacitor bank
(represented by Cb), resistive loads (represented by RL), and
an ideal CPL. The resistive loads are used to represent a wing
deicing system, and the ideal CPL refers to most electrical
power loads on the MEA, such as the actively regulated
power converter. The rated powers of RL (PRL,rated ) and
CPL (PCPL,rated ) are determined to be 7 kW and 38 kW,
respectively. Consequently, the rated power of the studied
system (Prated ) in Fig. 1 is equal to 45 kW (PRL,rated +

PCPL,rated ). The control structure, depicted by the dashed
line in Fig. 1 and detailed in Fig. 3, is the classical vector
controller on the dq-axis, which can be separated into an
inner loop and an outer loop. Kpd , Kid , Kpq, and Kiq are the
cascaded proportional–integral (PI) controller parameters of
the inner loop; these parameters control the inductor current
on the d-axis (Id ) and the inductor current on the q-axis (Iq).
Kpv and Kiv are the PI controller parameters of the outer
loop; these parameters regulate the voltage across the DC link
capacitor (Vdc) and the voltage across the capacitor bank (Vb),
ensuring that both are in the range 250–280 V (determined
using the MIL-STD-704F standard [20] after defining the
nominal voltage, V ∗

b , as 270 V). Kd is the droop controller
parameter (individual droop gain) of the outer loop and is
responsible for sharing the power and current from the PMSG
to all loads on the MEA. Kt is the voltage compensator
parameter [1] (global droop gain) of the outer loop, and it is
responsible for preventing or reducing voltage drop due to the
droop controller’s operating behavior. To determine the opti-
mal controller parameters, the ATS algorithm is used to tune
Kpd ,Kid ,Kpq,Kiq,Kpv,Kiv,Kd , andKt via the state-variables-
averaging model until the optimal output performance is
obtained. Unfortunately, an ideal CPL acts as a negative
impedance that can directly reduce system stability. Reduced
system stability may result in huge oscillations of voltage
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FIGURE 1. Representative DC distribution of MEA EPS.

TABLE 1. The parameters of MEA EPS.

and current responses, potentially causing these responses
to become out of control. Hence, the stability assessment
mechanism should be integrated into the searching process.
Additional details on how to design the MEA EPS controller
using the AI approach and stability assessment are provided
in Section IV. The system parameters are given in Table 1.

III. MODELING OF REPRESENTATIVE MEA EPS
As mentioned in Section II, an MEA EPS controller can
be designed using the state-variables-averaging model and
the ATS algorithm, hereafter referred to as the ATS design
method. Thus, the establishment of a time-invariant model
that is easy to use and suitable for designing system con-
trollers is essential. Referring to the literature review in
Section I, the DQ modeling method is selected to derive

FIGURE 2. Equivalent circuit on the dq-axis of MEA EPS under open-loop
operation.

the state-variables-averaging model of MEA EPS without
the control system, where the PMSG and the IGBT mod-
ule are mathematically analyzed as dynamic equations and
transformers, respectively, on the dq frame. The resulting
equivalent circuit of the MEA without closed-loop control is
presented in Fig. 2. After applying Kirchhoff’s voltage law
and Kirchhoff’s current law to Fig. 2, the dynamic model in
the form of differential equations is obtained and presented
in (1). More details on how to derive the mathematical model
using the DQ modeling technique can be found in [16].

•

Id = −
Rs
Ld
Id + ωeIq −

Md

Ld
Vdc

•

Iq = −ωeId −
Rs
Lq
Iq −

Mq

Lq
Vdc +

ωeφm

Lq
•

Vdc =
3Md

2Cdc
Id +

3Mq

2Cdc
Iq −

1
Cdc

Ic
•

Ic =
1
Lc
Vdc −

Rc
Lc
Ic −

1
Lc
Vb

•

Vb =
1
Cb
Ic −

1
RLCb

Vb −
PCPL
CbVb

(1)

where Md and Mq are the time-invariant switching functions
of the IGBT module on a dq-axis. The model in (1) is time-
invariant.
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FIGURE 3. Vector controllers on dq-axis for closed-loop operation of
MEA EPS.

Next, the MEA EPS model under closed-loop operation
is considered. Figure 3 shows a block diagram of classi-
cal vector control on the dq-axis, in which Xid of the Id
control loop, Xiq of the Iq control loop, and Xv of the
Vdc control loop are defined as new state variables of the
model. According to the control structure shown in Fig. 3,
the control signals (Z∗

d and Z∗
q ) and reference modulation

index on the dq-axis (M∗
d and M∗

q ) are calculated using (2)
and (3), respectively. Under the closed-loop operation of
the MEA EPS, Md and Mq in (1) become M∗

d and M∗
q

in (3). After substituting M∗
d and M∗

q for Md and Mq and
adding all new state variables of controllers, the nonlinear
model of the system shown in Fig. 1 derived from the DQ
approach is expressed in (4), as shown at the bottom of the
next page.

The mathematical model given in (4) is a beneficial tool
for computing the desired system responses of the controller
designed by the ATS design method because of its accuracy
and short computational time [21], [22]. For stability analysis
during the design process, the eigenvalue theorem based on
the linear time-invariant (LTI) model is a suitable tool. There-
fore, the first-order term of the Taylor series expansion is used
to transform the nonlinear model in (4) into the LTI model
in (5).

Z∗
d = −Kpd Id + KidXid + Kpd I∗d
Z∗
q = −KpqIq − KpvKpqVdc + KivKpqXv

+KiqXiq + KpvKpqV ∗
b

+
KpvKpq(Kt − Kd )Vb

RL
+
KpvKpqPCPL(Kt − Kd )

RL
(2)

M∗
d =

(
1
Vdc

) (
Z∗
d + ωeLqIq

)
M∗
q =

(
1
Vdc

)(
Z∗
q − ωeLd Id + ωeφm

) (3)

{
•

δx= A(xo,uo)δx + B(xo,uo)δu
δy = C(xo,uo)δx + D(xo,uo)δu

(5)

where matrixes A, B, C, and D are the Jacobean matrixes
of the MEA EPS depending on the system operation point.
The details of δx, δu, δy, A, B, C, and D can be found
in Appendix.

To validate the mathematical models, an exact topological
simulationwas conducted usingMATLAB/SimPowerSystem

TABLE 2. J value results of conventional design and ATS design method.

FIGURE 4. Validation of nonlinear and LTI dynamic models.

with the system parameters in Table 1 and the con-
troller parameters in Table 2. The controller parameters for
model validation are designed by using the conventional
design method, which will be explained in Section IV. The
model validation results when the CPL is changed from
10 kW to 14 kW and 12 kW are shown in Fig. 4. These
results confirm that the nonlinear and LTI models provide
good accuracy.

To determine the benefit of the state-variables-averaging
model, the computational time of the simulation is plotted in
Fig. 4. Simulation by the exact topological model consumes
18.84 s, whereas simulations by the nonlinear and linearized
models consume 0.63 s and 0.25 s, respectively. Therefore,
the computational time savings are 96.67% and 98.66%when
the system is simulated using the proposed nonlinear and
linearized averaging models, respectively. The short simula-
tion time is useful for the ATS design method because the
ATS algorithm must perform iterative simulations during the
controller design process.
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FIGURE 5. Block diagram of current loop control.

IV. OPTIMAL MEA EPS CONTROLLER DESIGN
The controllers designed for the MEA EPS using the conven-
tional design method and the proposed ATS design method
are detailed in this section.

A. CONVENTIONAL DESIGN METHOD
The conventional design method for vector controllers on the
dq-axis uses the characteristic polynomial of the standard
second-order system to design the PI controllers for both
current and voltage loop controls.

1) CURRENT LOOP CONTROL
Figure 5 shows the block diagram of the current loop control
of the studied MEA EPS, which is used to design the con-
trollers for regulating the inductor current on the d-axis (Id )
and the q-axis (Iq). Only the design procedure of the current
loop control on the d-axis will be described in this section
because the loop controls on the d-axis and q-axis are iden-
tical. The closed-loop transfer function of the block diagram
in Fig. 5 is expressed by (6).

Id
I∗d

= −
Kpd s+ Kid

Ld s2 +
(
Rs − Kpd

)
s− Kid

(6)

After comparing the denominators of (6) and the standard
second-order system in (7), the equations for the parameters

Kpd and Kid are established and presented in (8).

T =
ω2
n

s2 + 2ζωns+ ω2
n

(7){
Kpd = Rs − 2ζiωniLd
Kid = −Ldω2

ni
(8)

The equations used for designing the current loop control
on the d-axis can also be used for designing the current loop
control on the q-axis. The equations for calculating Kpq and
Kiq are presented in (9).{

Kpd = Rs − 2ζiωniLd
Kid = −Ldω2

ni
(9)

where ωni = 2π × fni.

2) VOLTAGE LOOP CONTROL
Figure 6 shows the block diagram of the voltage (Vdc)
loop control of the MEA EPS, which is used to design the
controller to regulate the voltage across the DC link capac-
itor (Vdc). The closed-loop transfer function of the block
diagram, presented in Fig. 6, is expressed by (10).

Vdc
V ∗
dc

=
3m

(
Kpvs+ Kiv

)
4Cdcs2 + 3mKpvs+ 3mKiv

(10)

Using the same procedure implemented for designing the
current loop control, the equations for designing the PI con-
troller of the voltage loop, Kpv and Kiv, are established and
expressed in (11). 

Kpv =
8ζvωnvCdc

3m

Kiv =
4Cdcω2

nv

3m

(11)

where ωnv = 2π × fnv.



•

Id =
(Kpd − Rs)

Ld
Id −

Kid
Ld

Xid −
Kpd
Ld

I∗d
•

Iq =
(Kpd − Rs)

Lq
Iq +

KpvKpq
Lq

Vdc −
KpvKpq(Kt − Kd )

LqRL
Vb −

Kiq
Lq

Xiq −
KpvKpqPCPL(Kt − Kd )

Lq
·
1
Vb

−
KivKpq
Lq

Xv

−
KpvKpq
Lq

V ∗
b

•

Vdc =
3

2Cdc
·

1
Vdc

·

[
−Kpd I2d + Kid IdXid + Kpd Id I∗d − KpqI2q + ωeφmIq − KpvKpqIqVdc +

KpvKpq(Kt − Kd )
RL

IqVb

+
KpvKpqPCPL(Kt − Kd )

Lq
·
Iq
Vb

+ KivKpqIqXv +KiqIqXiq + KpvKpqIqV ∗
b
]
−

1
Cdc

Ic
•

Ic =
1
Lc
Vdc −

Rc
Lc
Ic −

1
Lc
Vb

•

Vb =
1
Cb
Ic −

1
RLCb

Vb −
PCPL
Cb

·
1
Vb

•

Xv = −Vdc +
(Kt − Kd )

RL
Vb + (Kt − Kd )PCPL ·

1
Vb

+ V ∗
b

•

Xid = −Id + I∗d
•

Xiq = −Iq − KpvVdc +
Kpv(Kt − Kd )

RL
Vb + Kpv(Kt − Kd )PCPL ·

1
Vb

+ KivXv + KpvV ∗
b

(4)
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FIGURE 6. Block diagram of voltage loop control.

FIGURE 7. Block diagram of droop control and voltage compensation
under voltage mode.

3) DROOP CONTROL AND VOLTAGE COMPENSATOR
Figure 7 depicts the block diagram of droop control and
voltage compensation under voltage mode, in which the indi-
vidual droop gainKd of the droop controller is set equal to the
global droop gain Kt [4]. This is because the power system
investigated in this study is a single-generator/single-bus DC
distribution MEA EPS. Under minimum transmission loss
condition, the optimal gains Kt can be designed by using (12)
and (13).

if
1
3

≤ r ≤ 1

RL
1 − r
1 + r

< Kt ≤
RL
2

(√
1 +

1
r

− 1

)
(12)


if r > 1

0 < Kt ≤
RL
2

(√
1 +

1
r

− 1

)
(13)

where r is the ratio between the power of the CPL (PCPL) and
the resistive load (PRL ).
For this study, ζi = 0.8, ζv = 0.8, fni = 2000 Hz, and

fnv = 200 Hz are selected to design the PI parameters
of the current and voltage loops, and PCPL = 8 kW and
PRL = 7 kW are used to calculate the Kd and Kt gain
for the droop control and voltage compensation, respec-
tively. The resulting controller parameters of MEA EPS
designed using the conventional design method are shown
in Table 2.

B. ATS DESIGN METHOD
The methodology for designing the MEA EPS controller
parameters using the ATS design method is described in this
section. The ATS algorithm is selected for the optimal design
because it can ensure convergence and escape the local solu-
tion [19], [22]. The ATS algorithm will search the controller

FIGURE 8. Process diagram for the optimal MEA EPS controller parameter
design using the ATS design method.

parameters (Kpd , Kid , Kpq, Kiq, Kpv, Kiv, Kd , and Kt ) until
the optimal solution is obtained, resulting in the opti-
mal output performance. A block diagram representing
the process of optimal MEA EPS controller design by
the ATS algorithm is shown in Fig. 8. To investigate
system stability during the searching process, the eigen-
value theorem based on small-signal stability analysis is
used as the penalty condition. The four steps of the
design process are described in the remainder of this
section.
Step 1: The operating range of MEA EPS is determined

by defining the value of PCPL . There are three conditions for
setting PCPL :
Condition 1: Changing PCPL from 8 kW to 10 kW;
Condition 2: Changing PCPL from 10 kW to 12 kW;
Condition 3: Changing PCPL from 12 kW to 14 kW.
For the criteria of selecting these conditions, the mini-

mum value of PCPL must be more than one-third of PRL
(7 kW/3 = 2.33 kW) [4] to achieve the minimum power loss.
The maximum value of PCPL must be less than 22 kW, which
is the unstable margin of the considered system [16]. The
sampling power for setting the conditions can be determined
arbitrarily.
Step 2: The stability margin is assessed for all conditions

in Step 1. The Jacobian matrix A(xo,uo) of the LTI dynamic
model is expressed by substituting the system parameters
given in Section I and the vector controller parameters from
the ATS searching process into (5). The cost value for the
penalty condition or stability analysis condition (wst ) is deter-
mined by (14). According to (14), if the system is unstable
Re{λ} ≥ 0, wst is set to 10000 to eliminate these parameters
to make the system unstable. However, if the system is stable,
wst is set to 0.

ifRe{λ} ≥ 0

wst = 10000

else

wst = 0

end (14)
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Step 3: The Vb responses for all conditions in Step 1 are
calculated using the nonlinear model, which is expressed
in (4). As in Step 2, the system parameters from Section I and
the controller parameters randomly searched from the ATS
are substituted into (4). The resulting Vb response is used to
compute the cost value of the performance condition (wpf )
expressed by (15).

wpf = α

(
Tr,ATS
Tr,CON

)
+ β

(
Ts,ATS
Ts,CON

)
+ γ

(
P.U .ATS

P.U .CON

)
(15)

where Tr,CON , Ts,CON , and P.U.CON are the rise time,
setting time, and percent undershoot of Vb response
when the system is controlled using the vector controller
parameters designed by the conventional design method.
Tr,ATS , Ts,ATS , and P.U.ATS are from the controller designed
by the proposed ATS designmethod. The priority coefficients
of Tr , Ts, and P.U. are α, β, and γ , respectively, which are
set to 0.33, 0.33, and 0.34, respectively. The sum of these
coefficients must always be equal to 1.
Step 4: The stability analysis results and Vb response per-

formances are assessed on the basis of cost value J calculated
by (16). The ATS algorithm iteratively tunes the controller
parameters Kpd , Kid , Kpq, Kiq, Kpv, Kiv, Kd , and Kt until
J is minimized, indicating that the optimal Vb response
performance is obtained with stable operation. The ATS
parameters, i.e., initial number neighbor, number neighbor,
radius, decreasing factor, and round, are set to 20, 40, 0.3, 1.4,
and 50, respectively. The setting values of these parameters
can be derived from a trial-and-error test under the condition
of minimization of J . As for the defining boundary, the
setting procedure is based on the conventional design: the
upper and lower limits are, respectively, set to be 1.8 and
0.2 times the value of the controller parameters designed
by the conventional design method. The resulting upper and
lower limits of Kpd , Kid , Kpq, Kiq, Kpv, Kiv, Kd , and Kt
are set to [−3.5810,−0.3979], [−3126.6906,−28140.2161],
[−3.5810, −0.3979], [−3126.6906, −28140.2161], [0.7149,
6.4340], [561.4708, 5053.2375], [0.012, 0.108], and [0.012,
0.108], respectively.

J =

n∑
i=1

wpf ,i + wst,i (16)

where n is the number of operating conditions. It is set to 3 on
the basis of Step 1.

The resulting controller parameters with their cost values
represented by J and the convergence of J value are given
in Table 2 and Fig. 9, respectively. Unlike the conventional
design method, the ATS design method can provide the opti-
mal DC bus voltage response (Vb). Figure 10 presents the
theoretical stability analysis results when the ATS algorithm
is used for the searching process. This figure shows that
all solutions from the ATS algorithm can be confirmed
for stable operation during the searching process. To verify

FIGURE 9. Convergence of J value from ATS design method.

FIGURE 10. Dominant eigenvalue plot for the MEA EPS with the
controllers designed using the ATS algorithm.

the proposed optimal design method, simulations using the
MATLAB topology model and HIL technique are presented
in Section V.

V. VERIFICATION BY MATLAB AND HIL SIMULATIONS
The proposed ATS design method can provide the optimal
DC bus voltage response under stable operation conditions.
In this section, the effectiveness of the controller designed
using the ATS design method is validated through inten-
sive time-domain simulations using MATLAB and HIL.
For the HIL setup, Fig. 11 shows the connection between
TMDSDOCK28335 board and the SimPowerSystem®in
MATLAB. TheMEAEPS controllers designed using the con-
ventional and theATS designmethods are digitally embedded
in a TMDSDOCK28335 board, and the remaining elements,
depicted in Fig. 1, are contained in MATLAB. The Vb
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FIGURE 11. Connection between TMDSDOCK28335 board and the
SimPowerSystem®in MATLAB.

FIGURE 12. The resulting Vb waveforms under the condition of PCPL
changing from 8 to 10 kW. (a) MATLAB simulation results. (b) HIL
simulation results.

waveforms corresponding to the conditions of changing PCPL
from 8 kW to 10 kW, from 10 kW to 12 kW, and from 12 kW
to 14 kW are shown in Figs. 12, 13, and 14, respectively.
Focusing on the transient responses, MATLAB and HIL
simulations confirmed that the output performance of MEA
EPS controllers designed by the proposedATS designmethod
is superior to that of MEA EPS controllers designed by the
conventional design method in terms of rise time, setting
time, and percent undershoot.

Overall, good agreement is observed among the theoretical
results, MATLAB simulation results, and HIL simulation
results under all three PCPL variation conditions. Using the
MEA EPS control system designed by the proposed ATS
design method, the system operates stably and produces the
optimal Vb response.

FIGURE 13. The resulting Vb waveforms under the condition of PCPL
changing from 10 to 12 kW. (a) MATLAB simulation results. (b) HIL
simulation results.

FIGURE 14. The resulting Vb waveforms under the condition of PCPL
changing from 12 to 14 kW. (a) MATLAB simulation results. (b) HIL
simulation results.

VI. CONCLUSION
In this study, the ATS algorithm is applied to design con-
trollers for the DC EPS of MEA. A modeling technique
based on DQ transformation is applied to establish the state-
variables-averaging model. The resulting nonlinear model
can rapidly and accurately simulate the dynamic response to
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evaluate DC bus voltage waveform (Vb) performance. For
stability analysis during the design process, all eigenvalues
are iteratively computed via the LTI dynamic model using a
stability analysis technique based on the eigenvalue theorem.
The results explicitly demonstrate that the MEA EPS under
study maintains a stable state when the load conditions vary.
The Vb response performance of the EPS is better with the
controllers designed by the ATS design method than with the
controllers designed using the conventional design method.
These conclusions are validated by good agreement among
the results of theoretical analysis, MATLAB simulations,
and HIL simulations. Although the proposed algorithm can
perform better than the conventional approach, it requires
extra time for the search process. Furthermore, the proposed
design method can aid in the controller design of other power
systems such as bidirectional AC–DC inverters in electric
vehicles and bidirectional voltage source converters in DC
microgrid systems. In addition, instead of the proposed ATS
algorithm, other AI algorithms, such as artificial bee colony,
ant colony optimization, and flower pollination algorithms,
can be used to design controllers by following the methodol-
ogy used in this study. However, a drawback of the proposed
technique is that if MEA EPS parameters or their operating
points are varied, the controller parameters obtained from the
ATS algorithm must be designed again following the process
diagram shown in Fig. 8.

APPENDIX
The details of δx, δu, δy, A, B, C, and D are can be expressed
as follow:

δx =
[
δId δIq δVdc δIc δVb δXv δXid δXiq

]T
δu =

[
δI∗d δV ∗

b δPCPL
]T

δy =
[
δVdc δIc δVb

]T
a(2, 5)

= −
KpvKpq(KKt − Kd )

LqRL
+
KpvKpqPCPL(Kt − Kd )

LqV 2
b,0

a(3, 1)

=
3

2Cdc
·

1
Vdc,0

(
−2Kpd Id,0 + KidXid,0 + Kpd I∗d

)

a(3, 2)

=
3

2Cdc
·

1
Vdc,0

(
−2KpqIq,0 + ωeφm − KpvKpqVdc,0

+KpvKpqV ∗
b

+
KpvKpq(Kt − Kd )Vb,0

RL
+
KpvKpq(Kt − Kd )PCPL

Vb,0
+KiqXiq,0

)
a(3, 3)

=
3

2Cdc
·

1

V 2
dc,0

(
−Kpd I2d,0 + Kid Id,0Xid,0 + Kpd Id,0I∗d

−KpqI2q,0

+
KpvKpq(Kt − Kd )Iq,0Vb,0

RL
+
KpvKpq(Kt − Kd )PCPLIq,0

Vb,0
+ωeφmIq,0 + KivKpqIq,0Xv,0 + KiqIq,0Xiq,0
+KpvKpqIq,0V ∗

b
)

a(3, 5)

=
3KpvKpq(Kt − Kd )Iq,0

2CdcVdc,0RL
−

3KpvKpq(Kt − Kd )PCPLIq,0
2CdcVdc,0V 2

b,0

a(8, 5)

=
Kpv(Kt − Kd )

RL
−
Kpv(Kt − Kd )PCPL

V 2
b,0

B(xo,uo) =



−
Kpd
Ld

0 0

0 −
KpvKpq
Lq

−
KpvKpq(Kt−Kd )

LqVb,0
3Kpd Id,0
2CdcVdc,0

3KpvKpqIq,0
2CdcVdc,0

3KpvKpqIq,0(Kt−Kd )
2CdcVdc,0Vb,0

0 0 0
0 0 −

1
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1 0 0
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8×3

C(x0,u0) =


0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0


3×8

A(xo,uo) =



Kpd−Rs
Ld
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Kid
Ld

0

0 Kpq−Rs
Lq

KpvKpq
Lq

0 a(2, 5) −
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1
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D(x0,u0) =

 0 0 0
0 0 0
0 0 0


3×3
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