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Abstract

Advances in the areas of electrical and power electronic technologies play a key role in more electric aircraft (MEA), especially
in power converters. Therefore, most electrical power loads on MEA are tightly controlled power converters that behave as
constant power loads (CPLs). These CPLs look like a small-signal negative impedance that can significantly degrade the
overall system stability. The destabilizing effect may result in poor performance until the DC bus voltage of the system does
not adhere to the MIL-STD-704F standard. Thus, a stability study is very important to avoid unstable operations. A proposed
MEA model which can be derived using the DQ approach is comprehensive in the introduced stability analysis methods in this
article. These methods, i.e., a small-signal stability analysis using the eigenvalue theorem, a modal analysis technique called
participation factor analysis, and a large-signal stability analysis via phase-plane analysis, are performed to investigate the
stability margin. Moreover, the impact of key parameter variations on MEA stability is also taken into account to deliver the
ways of parameter selection at the early design stages for an engineer. The MATLAB topology model and processor-in-loop
(PIL) simulations validated the analytical results. The results indicate that a good agreement between theoretical, simulation,
and PIL results can be achieved.

Keywords More electric aircraft - Constant power loads - Averaging mathematical model - Small-signal stability analysis -
Modal analysis technique - Large-signal stability analysis

Abbreviation we Electrical rotor angular velocity
) Phase shift angle between internal voltage and

MEA More electric aircraft terminal voltage of permanent magnet syn-

CPLs Constant power loads chronous generator
PIL Processor-in-loop bm Flux linkage
GSSA Generalized state-space averaging method P Poles
NLAM  Nonlinear average-value method L, Ly ane  Stator inductance
DQ Direct quadrature method Ly Inductance on d-axis
PMSG Permanent magnet synchronous generator Lq Inductance on g-axis
AFE Active front-end rectifier Iq Stator current on d-axis
o Rotor velocity 1q Stator current on g-axis
I3 Reference stator current on d-axis
52 Kongpan Arcerdk l(;‘( Reference stator current on g-axis
kongpan@sut.ac.th Vy Compensation term on d-axis
Ratapon Phosung Vic Voltage across the dc link capacitor
ratapon_1996 @hotmail.com V. Reference voltage of voltage controller
Kongpol Areerak Vi DC bus voltage
kongpol @sut.ac.th Vh* Nominal voltage
- - o ) o Vi Output voltage of the voltage compensator
chool of E]C?II‘IC«?] Engineering, Institute of Engmeel.'mg. V4 Stator voltage on d-axis
Suranaree University of Technology, Nakhon Ratchasima .
30000, Thailand Vq Stator voltage on g-axis
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Vg Reference stator voltage on d-axis

Vq* Reference stator voltage on g-axis

Rs, Rsane  Stator resistance

Vibe Stator voltage

M. Reference modulation index

I'in.abe Input currents of the AFE rectifier

wpj Natural frequency of current loop in rad/s
Sni Natural frequency of current loop in Hz

i Damping ratio of current loop

Kpa Proportional gain of current loop on d-axis
Kiq Integral gain of current loop on d-axis

Xid State variable of current loop on d-axis

z; Control signal on d-axis

My Reference modulation index on the d-axis
Kpq Proportional gain of current loop on g-axis
Kig Integral gain of current loop on g-axis

Xiq State variable of current loop on g-axis

Z(’I Control signal on g-axis

Mé‘ Reference modulation index on the g-axis
wny Natural frequencies of voltage loop in rad/s
Sov- Natural frequencies of voltage loop in Hz
Kpy Proportional gain of voltage loop

Kiy Integral gain of voltage loop

Xy State variable of voltage loop

m Modulation index

Kq4 Individual droop gain

K Global droop gain

Pgrr, Power of resistive load

PcpL, Power of constant power load

Prrrated  Rated power of resistive load
PcpLraed Rated power of constant power load

T4 Output current of active front-end rectifier
Cyc DC link capacitor

R, DC transmission line resistance

Le DC transmission line inductance

Cp Capacitor bank

I. Current through the DC transmission line
Ip Total load current

IcpL Current of constant power load

I Current of resistive load

i Overlap angle

0 PMSG rotor angle

¢ Phase angle for rotating the dg-axis

My Switching function on the d-axis

My Switching function on the g-axis

(g1 Real part of the eigenvalues
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1 Introduction
1.1 Motivation and incitement

To achieve the aim of reducing the fuel consumption, weight
of overall aircraft, operating cost, and environmental impact,
the concept of more electric aircraft (MEA) is one of the
essential tendencies in modern aerospace engineering that
convert the existing subsystems, i.e., hydraulic, pneumatic,
mechanical, and electrical systems, into only electrical ones
[1-7]. As a result, the efficiency of global aircraft systems
is tremendously raised, and power regulation is more flexi-
ble. Both fixed and varied AC distribution systems are firstly
used in MEA, while a hybrid distribution system is a second
choice. However, at present (and in future), a DC distribution
system is represented and significantly attractive for research
interest due to its several advantages, including higher per-
formance and reliability than other distribution systems. In
addition, lower loss of power and total weight of aircraft sys-
tems can be achieved because reactive power compensation
devices are absent. As mentioned above, electrical system
applications for MEA have utilization in many aspects; how-
ever, the stability issues should be taken into account in detail.
It is recognized that most electrical power loads on MEA are
power converters with their controllers to regulate the motor
speed or output voltage. The power converter can provide
a high efficiency and low maintenance cost. Unfortunately,
the behaviors of regulated power converters can be similar
to constant power loads (CPLs) [8-11]. CPLs can directly
reduce the system damping, resulting in huge oscillations of
output responses. These oscillations may cause system dam-
age and affect the performance until controllers fail [2,9, 11].
Hence, a stability investigation is very important and neces-
sary, especially for the electrical power systems on MEA. The
destabilizing effect of MEA power system not only results
in performance regulation but also causes aviation accidents,
which will consequently impact passenger safety.

1.2 Literature review

The typically defined modeling level for MEA electrical
power systems can be classified into four layers [4]. The
first layer is the architectural layer, which is only used to
consider the overall power system architecture study in the
steady state. Thus, the model in this layer has the least details
and complexity and is suitable for sizing and system-level




295

Electrical Engineering

design. The second layer is the functional layer, which is
used for dynamic and stability studies of the electrical power
system. The derived mathematical model from this layer is
based on a non-switching averaged model that can efficiently
perform the behavior of the electrical system. The third layer
is the behavioral layer, wherein simulating frequencies up
to a few hundred Kilohertz can be achieved. A wide range
of this frequency includes the switching frequency of many
power converters. The main objective of behavioral simula-
tions is to design passive filters for harmonic and switching
frequency components. The fourth layer is the device physi-
cal layer, which is representative of a part of the equipment
on the system. The resulting model has the most complexity
and is typically used to validate and analyze in-depth equip-
ment or device behavior within the system. Therefore, this
model is not commonly used for simulating the electrical
power system. In this article, the functional layer, based on
time-invariant model, is selected for the studied MEA electri-
cal power system modeling. Consequently, power converter
modeling approaches are required to eliminate time variation
in nature due to the switching action. Subsequently, the time-
invariant power converter model can be achieved. Currently,
several approaches are developed to analyze the dynamic
model of power electronic-based systems. The generalized
state-space averaging (GSSA) modeling method has been
used effectively to analyze the controlled and uncontrolled
rectifiers in single-phase AC distribution power systems [12]
as well as power converters in DC distribution power sys-
tems, including buck and boost converters [13, 14]. However,
if the GSSA method is used for three-phase AC distribu-
tion systems, the derived dynamic model is a high-order
model, which is difficult for subsequent analysis. The nonlin-
ear average-value method (NLAM) modeling approach has
been used for the 6- and 12-pluse diode rectifiers [15] to pro-
vide a simple mathematical model. However, NLAM is not
flexible and should be considered case by case to model each
system. The direct quadrature (DQ) modeling technique has
been widely used for many power converters of three-phase
AC distribution, such as a three-phase rectifier in aircraft
systems [2, 3, 7], and bidirectional voltage source converter
in DC microgrid systems [16]. From the literature reviews,
the DQ approach can be applied to derive the time-invariant
model of the entire MEA model suitable for the stability
assessment, in which the three-phase active front-end recti-
fier was used.

For stability analysis, it can be divided into two methods,
i.e., small-signal stability and large-signal stability assess-
ments. The small-signal stability analysis is a method based
on the linearized conventional control system theory. The
dynamic model of the system is linearized around the equi-

librium point, and the derived small-signal model is analyzed
using the eigenvalue theorem [2, 3, 17] or Middlebrook’s
criteria [18-20]. The eigenvalue theorem and Middlebrook’s
criteriacan predict an unstable point by evaluating the system
eigenvalues and impedance ratio. The small-signal stability
analysis approach can provide beneficial insights into the
stability of the equilibrium point; however, it does not guar-
antee stability under large-signal disturbances and sudden
load transients or fault scenarios. The large-signal stability
analysis method canbe divided into two approaches. The first
is the phase-plane analysis approach [7, 11], in which the
phase-plane trajectory is generated to investigate the system
stability. However, this approach is only suitable for study-
ing low-order systems. The second approach is the Lyapunov
stability theorem [21-23], which is capable of estimating
the region of asymptotic stability and can provide accurate
analytical results. However, there is no unified methodology
to compute the Lyapunov energy function. Hence, the Lya-
punov function is determined from various methods, which
may lead to different conclusions.

Regarding the literature reviews of the stability study, this
article focuses on the small-signal stability analysis using
the eigenvalue theorem and the large-signal stability analy-
sis via phase-plane analysis for system stability investigation.
The eigenvalue theorem can be applied to a modal analysis
technique, i.e., participation factor analysis [24], to identify
the contribution of state variables relating to the dominant
eigenvalues of the system. The resulting stability information
will be utilized to determine the dominant state variables for
phase-plane analysis. Previous works have not reported the
application of participation factor analysis for phase-plane
analysis. Furthermore, the phase-plane analysis is also capa-
ble of analyzing the system dynamic response and can be
used as a beneficial and suitable tool to investigate the DC
bus voltage response adherence to the MIL-STD-704F stan-
dard [25]. However, the system instability on MEA does
not only depend on the influence of CPLs but may also be
affected by other system parameters. Thus, the effect on sta-
bility due to the variation of significant parameters, such as
control bandwidth and circuit component parameters, are dis-
cussed using the instability line created from the eigenvalue
theorem and phase-plane assessment. The detailed analysis
in this study can provide a good insight into MEA proper-
ties and appropriate design for MEA electrical power system
designers. Theoretical results demonstrate that the proposed
stability analysis techniques can effectively guarantee stable
and unstable operation region trends of astudied MEA. Good
agreement is also achieved between analytical results using
the eigenvalue theorem and phase-plane analysis.
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Fig. 1 Considered DC distribution MEA power system

1.3 Contribution and paper organization

The main contributions of this article are listed as follows:

e The considered aircraft power system is updated in which
the voltage compensator is used to regulate the DC bus
voltage.

The modal analysis called the participation factor is used to
identify the dominant state variables. After that, the phase-
plane analysis can be applied for the stability analysis.
The consequent results are beneficial and suitable tools to
investigate the DC bus voltage response adherence to the
MIL-STD-704F standard.

The parameter variations in terms of stability using the
proposed stability analysis can provide useful guideline for
engineering during the design process to avoid the unstable
operation.

The rest of this article is organized as follows. Section 2
introduces a single-generator/single-bus DC distribution
MEA power system. In detail, Sect. 3 describes how to
derive the averaging mathematical model of the considered
MEA using the DQ method. Section 4 addresses the sys-
tem stability analysis by a small-signal stability analysis via
eigenvalue theorem, a modal analysis technique using par-
ticipation factor analysis, and a large-signal stability analysis
via phase-plane analysis. Section 5 presents the validation of
the theoretical analysis by simulation using MATLAB topol-
ogy model and processor-in-loop (PIL) as well as analysis of
the MEA stability due to parameter variations. Finally, Sect. 6
concludes this article.

@ Springer
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2 Considered MEA power system

Figure [ illustrates the considered MEA power system. This
system consists of two subsystems. The first subsystem is
a feeder side, in which a permanent magnet synchronous
generator (PMSG), including its parasitic parameters (repre-
sented by Rsabe and Ls anc), is driven by a gas turbine engine
and generates AC power to an active front-end (AFE) recti-
fier. The resulting AC power is then converted by the AFE
rectifier to DC power to supply the main DC bus via a DC
transmission line (represented by R and L), in which a DC
link capacitor (represented by Cqc) is used to reduce the ripple
voltage of the output voltage of AFE rectifier. The controllers
of the AFE rectifier, depicted by a gray areain Fig. 1, are the
classical vector controllers on dg-axis. The current controller
on d-axis is used to control the PMSG under full-flux oper-
ation mode by defining the reference cumrent (/) to 0 A.
The current controller on g-axis and voltage controller are
used to regulate the voltage of the DC link capacitor (Vgc)
to be equal to 250-280 V (specified by the MIL-STD-704F
standard) [25]. Herein, the nominal voltage (Vi) is set to
270 V. The employed droop controller in this article, i.e.,
voltage-mode droop controller, is used to provide the desired
power sharing for all MEA loads. The droop controller (V)
output is the reference voltage of the V. controller, depend-
ing on the V-I droop characteristic. However, the behavior
of the droop controller results in a large voltage drop, until
the V4c and DC bus voltage (V) are unacceptable in certain
applications. Therefore, the voltage compensator is applied
to the modern MEA power system to mitigate voltage regu-
lation. Moreover, the minimum transmission line loss also is
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Fig. 2 Equivalent circuit on the dg-axis for the open-loop control of the
considered MEA power system

achieved [5]. The second subsystem, i.e., the load side, con-
sists of the bus capacitor (represented by Cy), resistive loads
represented by a wing deicing system, and the ideal CPL
associated with actively regulated power electronic loads.
From previous research [8—11], the CPL can significantly
degrade the system stability. Hence, in this article, the insta-
bility operation of the studied MEA will be predicted via the
proposed dynamic model as described in Sect. 3.

3 Considered MEA mathematical model

It is well recognized that the power converter model is
usually time-varying due to the switching behavior. Thus,
the DQ method is applied to derive the averaging mathe-
matical model of three-phase power systems to achieve a
time-invariant model appropriate for stability analysis. The
important assumptions for modeling are that the AFE recti-
fier is operated under the continuous conduction mode and
an overlap angle (1) below 60°, and the higher harmonics of
the fundamental are neglected. The establishment of math-
ematical model can be divided into the considered power
system modeling under open-loop and closed-loop opera-
tions, which is explained below.

3.1 MEA power system under an open-loop
operation

The open-loop control of the AFE rectifier is firstly analyzed.
The DQ approach was used to analyze the PMSG and to elim-
inate the switching action of the IGBT module in the AFE
rectifier, wherein the dynamic equations of the PMSG in dg
frame can be achieved, and the transformer with a constant
ratio is performed to represent the dynamic of the AFE rec-
tifier.

As aresult, Fig. 2 shows the equivalent circuit of the MEA
without the closed-loop control, when the phase angle for
rotating the dg-axis is set to the PMSG rotor angle (¢ = 6).

More details on how to derive the PMSG equations and
the three-phase IGBTs rectifier as a transformer by using
the DQ method can be found in [26, 27]. After applying
the basic circuit theory known as Kirchhoff’s voltage law

=

Ios -

Fig. 3 Inner structure of the MEA power system controllers

and Kirchhoff’s current law shown in Fig. 2, the proposed
averaging model of the MEA without controllers is given by

I Rx M(I
= ——Ilj+wely — —V;

LT T
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where M4 and M are the time-invariant switching function
of the IGBT modules on a dg-axis.

3.2 MEA power system under a closed-loop
operation

The mathematical model of the considered MEA power sys-
tem under a closed-loop operation is developed from the
open-loop model proposed in (1). Figure 3 shows the inner
structure of the AFE rectifier controllers based on Fig. 1, and
the controllers were designed via the classical method in [5,
26, 27]. The details of how to design the controller are given
in Appendix A. From the control structure in Fig. 3, I7 is
set to zero to provide the unity power factor. When the con-
trol loops are considered, the new state variables Xijq, Xiq.
andX, are obtained in the model. These new state variables
are referred to the /g, Iq. and Vg control loops, respectively.
Based on Fig. 3, the control signals (Z; and Z3) and the ref-
erence modulation index on the dg-axis (Mj and M&‘) can be
expressed in (2) and in (3), respectively.

Zj = —Kpala + KiaXig + Kl }
Zy = —Kpqly — Ky Kpg Ve + Kiy Kpg Xy + Kig Xig + KpyKpg V'
KpvKpq(Ki—Ka)Vy | KpvKpq Pcpp(Ki—Ka)
RL * Ry
2)
t () rauiyl
d - — Vv, d+ welq (])
dc
(3)

1
f * _
My = (V,/f ) (Z,, weLala + we(ﬁm)
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The switching functions M4 and M in (1) are substituted
by the reference modulation indices M and M;‘ in (3) to
derive the dynamic model for the studied MEA power system
(see Fig. 1). The time-invariant model of the MEA in Fig. 1
with its control is given by (4), in which eight state variables
are obtained.

*  (Kpa—Ry) Kiq K

L=y, DMy =M
! La TN T L
s (Kpd —Ry) vaqu

I :qu + PP

q
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I d
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2Cdc Vdc

+ Kpalaly — Kpg I + wepuly

Ky Kpg(K; — K,
— KpvKpqlgVae + %]q Vi
KpyKpg P K — K, 1
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Ly Vi
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)

However, the nonlinear model in (4) is unsuitable for a
small-signal stability analysis. The first-order term of the
Taylor series expansion was used to provide the linearized
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Fig. 4 Validation of the dynamic model established by the DQ method
model, as expressed by

SX= A(Xo, Up)dX + B(X,, Ug)du )
8y = C(X,, ug)0xX +D(X,, uy)du

where the matrixes A, B, C, and D are the Jacobean matrixes
of the MEA in the general form of the state-space model,
depending on the system operation point. The details of these
matrixes can be found in the Appendix B.

The MATLAB simulation and the MEA power system
parameters given in Appendix C are used to validate the
dynamic model in (4) and (5). The CPL was changed from
10 to 14 kW and 12 kW at the time instants 0.2 and 0.3 s,
respectively. As shown in Fig. 4, the model validation results
can ensure that both the nonlinear and linearized models are
correct and can be used as a beneficial tool for the stability
study as described in Sect. 4.

4 Stability studies

This section evaluates the proposed MEA power system sta-
bility by the small-signal stability analysis via eigenvalue
theorem, a modal analysis technique using participation
factor analysis, and a large-signal stability analysis via phase-
plane analysis for instability condition investigation.
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Fig.5 Analytical result from the eigenvalue theorem

4.1 Eigenvalue theorem and participation factor
analysis

For the eigenvalue theorem based on small-signal stability
analysis, the Jacobean matrix A, as given in (5), was used to
calculate the system eigenvalues (1) by

det[AI —A] =0 (6)
The condition to identify the stable system is given as
oi <0 (7)

where o is the real part of the eigenvalues and i = 1,2,3,...,
n (n is the number of the state variable).

The system eigenvalues were calculated by the Jacobean
matrix with the system parameters from Appendix C to inves-
tigate the stability of the proposed MEA under the CPL
variation condition. Figure 5 shows the resulting dominant
eigenvalue plot, when the CPL power (PcpL) was varied from
16 to 26 kW. As shown from the trajectory of the eigenvalue
in Fig. 5, the dominant eigenvalues (in black) are placed at
the left-hand side when Pcpy. ranges from 16 to 20 kW. This
means that the system remains stable at Pcp, < 20 kW.
Unfortunately, the system becomes unstable whenPcpr, >
22 kW (see from red eigenvalues). However, the eigenvalue
theorem can only provide when the system becomes unstable.
The information from this theorem cannot show the ampli-
tude of the DC bus voltage response, which is very important
for the MIL-STD-704F standard. Therefore, to study in depth
the system stability, the participation factor analysis based on
the modal analysis technique was applied to analyze the con-
tribution of the state variable as well as system parameters.
Table 1 presents the participation matrix in the case of Pcpy,

= 22KkW, calculated from the Jacobean matrix A. The condi-
tion for determining the dominant mode of the participation
matrix, as expressed in (8), is that if any eigenvalue is located
at the right-hand side of the s-plane or close to the imaginary
axis, then this is a dominant mode at that operating condition.

o; >0
or (8)
loi|l <&

As presented in Table 1, the state variables /- and V), par-
ticipate most heavily in the dominant modes. As a result, /.
and V) as well as parameters L. and C, will be related to dom-
inant poles in Fig. 5. The derived information is important
and useful for the large-signal stability analysis, explained
as follows.

4.2 Phase-plane analysis

The large-signal stability analysis using phase-plane analy-
sis was used to investigate both system stability and the DC
bus voltage response (V) adherence to the MIL-STD-704F
standard. The system phase plane can be established by using
the state variables /. and V/, that significantly participated in
the dominant poles. Using the nonlinear model in (4) with
the system parameters given in the Appendix C, Fig. 6a and
b depicts the trajectory of the proposed MEA on the .-V
plane when Pcpr, = 18 kW and Pcp. =20 kW, respectively.
As demonstrated in Fig. 6a and b, the steady state V) is also
in the range of 250-280 V, as specified by the MIL-STD-
704F standard. Focusing on the zoomed areas, the system
trajectories can converge to the equilibrium point, indicating
that the system remains stable at Pcpp, = 18 kW and Pcpr, =
20 kW, corresponding to the eigenvalue theorem analysis in
Fig. 5. Figure 6¢ shows the phase-plane analysis at PcpL. =
22 kW. The analytical result shows that the phase-plane tra-
jectory motion starts from the initial point and then diverges
from the equilibrium point, representing that the system is
unstable at Pcpr, = 22 KW (before a rated power of 38 kKW).
Moreover, the steady-state response of V) does not follow
the MIL-STD-704F standard. Section 5 presents the simu-
lation using the MATLAB/SimPowerSystems environment
and the PIL to validate the analytical result from the eigen-
value theorem and the phase-plane analysis.

5 Simulation validations using MATLAB
topology model and the PIL technique

This section reports the validation of the theoretical results
by exact topological and PIL simulations. For the unstable
operation investigation using PIL simulation, the high-power
circuits of the proposed MEA, the PMSG, AFE rectifier,
DC link capacitor, DC transmission line, bus capacitor,
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Table 1 Participation matrix of

the considered mea power system Eig. 1 Eig. I Eig. Il  Eig. IV Eig. V Eig. VI Eig. VII Eig. VIII
14 0.8333 0.8333 0 0 0 0 0 0
1, 0 0.0241 0.0241 0.9395 0.9395 0.1881 0.1881
Ve 0 0 0.1845 0.1845 0.2308 0.2308 0.62151 0.62151
I. 0 0 0.4895 0.4895 0.0148 0.0148 6.6 x 6.6 x
1074 1074
Vi 0 0 0.3209 0.3209 0.1255 0.1255 03128 0.3128
X, 0 0 8.0 x 8.0 x 0.0269 0.0269 0.8118 0.8118
1074 104
Xiq 0.8333 0.8333 0 0 0 0 0 0
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Fig. 6 Analytical result from the phase-plane analysis. a Pcpy, = 18 kW.

resistive load, and ideal CPL were simulated using the
MATLAB/SimPowerSystems environment, while the over-
all controllers of the system were implemented digitally in
the TMDSDOCK28335 board by coding the C programming
languages by the code composer studio (CCStudio) software.
Figure 7 shows the block diagram for the PIL simulation. The
main computer (Host) and the TMDSDOCK28335 board
(Target) were interfaced by the Joint Test Action Group emu-
lator. The blocks in Simulink, namely, From RTDX and
To RTDX, were used to send and receive data between
the MATLAB/Simulink program and TMDSDOCK28335
board, respectively. The details of the simulation process are
explained as follows. Initially, the rotor velocity (), input
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b Pep, =20 kW. ¢ Pep, = 22 kW

currents of the AFE rectifier (Zip anc), load current (/,), and
voltage across the DC link capacitor (V¢ ) were detected from
the MATLAB topology model in the host and were sent to
the target via the From RTDX blocks. These dates were then
computed by the controllers in the board to generate the ref-
erence modulation indices (M;,M;, and M¥). M;,M};, and
M were transferred into the host with the To RTDX blocks
to control the IGBT switches of the AFE rectifier.

Figure 8 illustrates the confirmation results for the unsta-
ble point prediction. The exact topological and PIL simula-
tions were operated in the same scenario and are summarized
as follows.
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Initially, the proposed MEA can stably operate when the
PcpL levels are continuously changed from 16 to 18 kW and
20 kW at the time instants 0.2 and 0.3 s, respectively.

Pcpy is increased to 22 kW at f = 0.4 s. As expected by
the analysis in Figs. 5 and 6c, the system becomes unstable,
which can be observed as the huge oscillation of V) that
is not constant within the range of 250-280 V, as specified
by the MIL-STD-704F standard. Moreover, it has a ripple
voltage that is equal to 44.4 V in the MATLAB topology
model simulation and 45.6 V in the PIL simulation, which
does not adhere to the standard that specifies the maximum
ripple voltage in the steady state (not exceeding 6 V).

The results from Fig. 8 show that the proposed model can
be used to analyze the stability with accurate results. Hence,
the proposed model can also be used to study the effect of
the aircraft parameters in terms of stability. The considered
aircraft parameters are the DC link capacitor (represented by
Cgc), DC transmission line (represented by R and L), and
DC bus capacitor (represented by Cp), as shown in Fig. I,
while the controller parameters include the bandwidth of
the controller loop (fnv and f ;). These filter and controller
parameters were designed from engineering. The details of
parameter variations can be given as follows:

5.1 Effect of the DC link capacitor

Figure 9a shows the instability line constructed from the
analytical results by evaluating the eigenvalue location and
phase-plane trajectory for the different Cqc values. It can be
indicated that the studied MEA system will become unsta-
ble if the PcpL is equal to or greater than 16 kW, 34 kW,
and 50 kW for Cyc = 0.5 mF, 2.0 mF, and 4.0 mF, respec-
tively. The simulation results from SimPowerSystems® in
Fig. 9b and PIL in Fig. 9c demonstrate the high oscillation
of V), responses, which are not constant within the range of
250-280V following the MIL-STD-704F standard when the
PcpL is equal to 20 kW, 40 kW, and 50 kW for Cyc = 0.5
mF, 2.0 mF, and 4.0 mF, respectively. Furthermore, the ripple
voltage in the steady state is also more than 6 V. Therefore, it
can be concluded from the good agreement among the ana-
lytical and simulation results that the increment of Cgy. will
significantly increase the studied MEA stability.

5.2 Effect of the DC transmission line

This section studies the effect of the resistance (R.) and
inductance (L) of the transmission line on MEA stability
via cable length changing. Figure 10a—c shows the instability
border, SimPowerSystems® of MATLAB, and PIL simula-
tions, respectively. According to the good agreement among
the analytical and simulationresults, it can be noted that when
the cable length is equal to 20 m, 100 m, and 160 m, the
destabilizing effect of MEA will occur at the Pcpr, > 22kW,
26 kW, and 30 kW, respectively. The inefficient operation is
indicated by the huge oscillation of V;, which is not constant
within the range of 250-280 V adherence to the standard and
the ripple voltage which exceeds 6 V. Consequently, it can be
summarized that the increases in cable length will improve
the system stability margin. This is because the increment
of R which is varied by cable length can increase the over-
all system damping [7, 10, 26]. The increased damping is
more dominant than the increased power loss. As a result,
the considered MEA is more stable.
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Fig. 10 Effect of cable length variation. a Instability line. b SimPower-
Systems® simulation results. ¢ PIL simulation results
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5.3 Effect of a DC bus capacitor

Figure 11a shows the instability line for different Cp val-
ues. From the theoretical stability results, it can be seen that
if the C, = 0.05 mF, 0.2 mF, and 1.0 mF, the MEA will
become unstable at Pcpp. > 17.5 kW, 29.5 kW, and 15 kW,
respectively. Figure 11b and c illustrates the verification of
stability analysis in this study using the exact topology model
and PIL technique simulations, wherein the studied MEA is
unstable at Pcpp, = 20 kW, 35 kW, and 15 kW in the case of
the Cp = 0.05 mFE, 0.2 mF, and 1.0 mF, respectively. More-
over, the V), responses do not follow the MIL-STD-704F
standard due to its huge oscillation (not constant within the
range of 250-280 V) and ripple voltage (exceeding 6 V). The
theoretical and simulation results are explicitly concordant,
indicating that when Cj ranges from 0.05 mF to 0.2 mF, the
studied MEA damping will be increased continuously [2].
This means that the system is more stable. In contrast, the
studied MEA stability will be decreased when 0.2 mF < Cp
< 1.0 mF. Hence, the inappropriate increment of Cj not only
leads to adverse stability margin but also results in the addi-
tional size, weight, and cost of the entire MEA.

5.4 Effect of controller loop bandwidth

The MEA cascade controllers can be designed based on the
desired natural frequencies of voltage loop (fyy) and current
loop (fni). The effect of these natural frequencies on the sta-
bility margin should be analyzed in detail. Due to the fast
dynamic response requirement of the overall system, the fp;
was determined to be > 10 x fyy Therefore, in this arti-
cle, the natural frequency variation study will change the
v alongside f; to correspond to the design condition. The
instability border of f, and f;, shown in Fig. 12a, shows
that the system becomes unstable at Pcpr. > 40 kW, 25 kW,
and 13 kW for fy = 150 Hz, 190 Hz, and 250 Hz or fyi =
1500Hz, 1900 Hz, and 2500 Hz, respectively. Figure 12b and
¢ indicates the simulation results for the confirmation of the
analytical result, in which the unacceptable operating point
in a certain application is indicated by a high V', oscillation
(>280V and <250 V) as well as huge ripple voltage (exceed-
ing 6 V) that does not adhere to the MIL-STD-704F standard.
Referring to the simulation results, the destabilizing operat-
ing point will occur at Pcp. = 40 kW, 30 kW, and 20 kW
when fy = 150 Hz, 190 Hz, and 250 Hz or fp; = 1500 Hz,
1900 Hz, and 2500 Hz, respectively. Consequently, it can
lead to the conclusion that a tiny increment of bandwidths
fnv and f; can directly degrade the overall MEA stability.
Based on the overall results, a very good agreement exists
between the analytical, exact topological simulation, and
PIL simulation results. The considered MEA power system
becomes unstable when the Pcpy, level is equal to 22 kW
(before the rated CPL power of 38 kW), and the V, response
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does not adhere to the denoted standard. As for the impact
of key parameters, increasing the Cqc and cable length can
directly increase the system stability. In contrast, the incre-
ment of bandwidths fyy and fp; will significantly decrease
the system damping. However, variation in C, can improve
or degrade the MEA stability. This information is very ben-
eficial for engineers in designing the MEA power system in
terms of stability issues.

6 Conclusion

This study has introduced the modeling and stability anal-
ysis of a PMSG-based DC electrical power system in an
MEA. The modeling approach via DQ transformation has
been used to derive the time-invariant model. The stabil-
ity analysis based on the eigenvalue theorem, participation
factor analysis, and phase plane has been applied with the
derived model to study the system stability. As a result, the
instability operation of the system has been correctly pre-
dicted alongside the V, regulation performance investigation
that adheres to the MIL-STD-704F standard. Moreover, good
agreement has been reached between the theoretical analyt-
ical results and simulation results (derived from MATLAB
topology model and PIL technique). Consequently, the pro-
posed stability assessment techniques can effectively ensure
the destabilizing operation of a PMSG-based DC electrical
power system in an MEA. Moreover, the proposed model
with the proposed stability study process can provide the
guideline for the filter design to avoid the unstable operation
as well as the controller design of each loop in the MEA
system. In the future work, the proposed model will be used
to design the controllers to mitigate the system instability.
The resulting stabilization will always make the system sta-
ble until the rated CPL equal to 38 kW can be achieved.
The amplitude of the DC bus voltage can also follow the
MIL-STD-704F standard. Based on the proposed modeling
concept, other power system structures containing vector-
controlled devices, such as electrical railway systems and
DC microgrid systems, can be applied for the establishment
of the suitable model for stability analysis. In addition, the
proposed model is still useful for stability analysis of MEA
using other methods, such as the Middlebrook criteria and
the Popov criteria.
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AppendixA

The details of the classical method for vector controllers on
dg-axis are as follows:

Current loop control

The schematic of the current (/4 and lq) loop control of the
proposed MEA in Fig. 1 can be shown in Fig. 13. Because
the current loop control on d-axis and g-axis is identical, this
article will only present the methodology for designing the
current loop control on d-axis, wherein the controller on g-
axis can use the same equation. Closed-loop transfer function
of the current loop is given by (9).

ﬂ _ Kpas + Kig ©
I:; - L,/Sz+(RA-—KPd)S—Kid

It is recognized that the closed-loop transfer function for
the standard second-order system can be expressed in (10).

e

s
T=——"-"— 10
$2420wns + wf (0

Hence, the parameters K4 and K4 can be designed by
comparing the denominators of (9) and (10) so as to obtain

(11)

{ Kpd = Ry — 2gjmniLla an

2
Kig = —Lawy;
As mentioned above, both d-axis and g-axis controls are

identical. Consequently, the equations for designing the con-
trollers on g-axis are shown in (12).

Kpq =Rs — 2¢jwni L,
[ Pq s SiwniLy (12)

Kiq=— Lgo}
where wpi =27 X fyi.
Voltage loop control
The schematic of the voltage (V¢ ) loop control of the studied
MEA is depicted in Fig. 14. Closed-loop transfer function of

the voltage loop is determined in (13).

Vae 3m (Kpys + Kiv)
Vi 7 4Cacs? +3mKpys +3mKiy

(13)

Based on the current loop procedure, the equations for
designing the parameters Ky and K, are depicted in (14).

Kp\‘ - Szvl;)lwcdc
am
(14)
K 4Cycwpy
iv=
3m

where wyy =27 X fyy.
Droop control and voltage compensation

The schematic of the voltage-mode droop control and voltage
compensation is demonstrated in Fig. 15. Because the studied
power system in this article is a single-generator/single-bus
DC distribution MEA power system, the individual droop
gain (Kgq) of droop controller is equal to the global droop gain
(K¢) [5]. The optimal gains K, designed via the minimum
transmission loss condition, can be expressed in (15) and

Fig. 13 Schematic of current loop control

Fig. 14 Schematic of voltage loop control
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where r is ratio between the power of CPL (Pcpy.) and resis- 00000000
tive load (Pg, ). C(xg,u9)=| 00100000
In this article, the PI parameters for both current and volt- 00010000
age loops are designed by selecting £; = 0.8, £y = 0.8, fpi 00001000
= 2000 Hz, and f v = 200 Hz. As for parameters for droop B
control and voltage compensation are set by defining Pcpr, 000
= 10 kW and Prp. =7 kW. D(xp. up) =| 000
000 |, 4
. - K =
AppendixB e 0 g
0 _ Kp;qu _ KpvKpq(Ki—Kg)
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AppendixC

The system parameters: Ry = 1.058 mQ, Ly = Lg = Ly =
99 wH, ¢ =0.03644 V.s/rad, p = 6, we = 2 x 400 rad/s,
Cg4c = ImF cable length = 10 m, R, = 6 mQ, L, =2 pH,
Cp =0.5mF, R, = 10 , Kpy = 3.5744, K, = 2807.3541,
Kpa = Kpg = — 1.9895, Kig = Kig = — 1563.3453, Ky =
Ki =0.06, I} = 0 A, V = 270 V, PR_ratca = 7 kW, and
PcPLrated = 38 KW.
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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.

1. 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],

The associate editor coordinating the review of this manuscript and

approving it for publication was Engang Tian

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 Al 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

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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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 Al 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
design method 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 the ATS algorithm
method is better than that obtained when using the
controller designed by the conventional design method.
Moreover, the application of an Al 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 Al 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 proposed method can perform
better with confirmed stability.
The HIL 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 TMDSDOCK?28335 board.
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o 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.

Il. 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 Ry qpc and Ly ac), an AFE rectifier, a DC
link capacitor (represented by Cyc), a DC transmission line
(represented by R and L), a bus capacitor or capacitor bank
(represented by Cj), resistive loads (represented by Ry), 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 Ry (PRL. raed) and
CPL (PcpL,ratea) are determined to be 7 kW and 38 kW,
respectively. Consequently, the rated power of the studied
system (Pyueq) in Fig. 1 is equal to 45 KW (Pgp areq +
Pepr rarea)- The control structure, depicted by the dashed
line in Fig. 1 and detailed in Fig. 3, is the classical vector
controller on the dg-axis, which can be separated into an
inner loop and an outer loop. K, Kid, Kpq, and Kig are the
cascaded proportional-integral (PI) controller parameters of
the inner loop; these parameters control the inductor current
on the d-axis (Iz) and the inductor current on the g-axis (/g).
K,y and Ky are the PI controller parameters of the outer
loop; these parameters regulate the voltage across the DC link
capacitor (V4) and the voltage across the capacitor bank (V},),
ensuring that both are in the range 250-280 V (determined
using the MIL-STD-704F standard [20] after defining the
nominal voltage, V;', as 270 V). K 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. K; 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
Ky, Kid, Kpg. Kig, Kpv, Kiv, K4, and K; 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.

Parameter Value Description

R, 1.058 mQ Stator resistance
L 99 uH Stator inductance
Ly 99 pH Inductance on d-axis
L, 99 uH Inductance on g-axis
[ 0.03644 V-s/rad Flux linkage
P 6 Poles
w, 27 x 400 rad/s Electrical rotor angular velocity
Cuc I mF DC link capacitor

cable length 10m Length of DC transmission line
R. 6 mQ DC transmission line resistance
L, 2uH DC transmission line inductance
Cy 0.5 mF Capacitor bank
R, 10Q resistive load
o 0A Reference stator current on d-axis
A 270V Nominal voltage

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.

1Il. 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

VOLUME 12, 2024
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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 dg 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].

T =t el = D

'd = Iy d I‘:('([ ﬁd dc 3

lq:—w(,ld~—x1,,——qV(1c+M
M, Mg b
My 3My

Vie= =21+ L1, — —1I (1)

“" 2Cuc dR 2. ! Ci '

Ie="Vi— LI ——V,

c T dc Tz C T: b

Voo b Ly, P

PTG T RG T GV

where My and M are the time-invariant switching functions
of the IGBT module on a dg-axis. The model in (1) is time-
invariant.
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FIGURE 3. Vector controllers on dg-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 dg-axis, in which Xj; of the I;
control loop, Xj, of the I, control loop, and X, of the
Ve control loop are defined as new state variables of the
model. According to the control structure shown in Fig. 3,
the control signals (Z; and ZJ) and reference modulation
index on the dg-axis (M} and M) are calculated using (2)
and (3), respectively. Under the closed-loop operation of
the MEA EPS, My and My in (1) become M“,‘ and Mq*
in (3). After substituting M; and M{’]‘ for My and M 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 (LTT) 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) = —Kpala + KigXia + Kpal
Zy = —Kpgly — KpvKpgVae + KivKpgXo
+KigXig + KpvKpq Vi)
4 vaqu(Kt — Ka)Vip 4 K;prqPCPL(K/ —Ka)

RL RL
2
1
Mg =\ ) (Zi + @eLqly)
i ©)
MJ = V_zIL (ZZ; —weLaly +wl’¢lll)
X = A(X,, Uy)dxX + B(x,, up)du G)
3y = C(X,, Ug)8X + D(X,, uy)du

where matrixes A, B, C, and D are the Jacobean matrixes
of the MEA EPS depending on the system operation point.
The details of §x, Su, 8y, A, B, C, and D can be found
in Appendix.

To validate the mathematical models, an exact topological
simulation was conducted using MATLAB/SimPowerSystem
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TABLE 2. J value results of conventional design and ATS design method.

Design method
Vector controller

parameters// value

Conventional method ATS method
Ko -1.9895 -1.1167
K —1563.3453 —17846.259
Ky ~1.9895 —0.84887
K, —1563.3453 —15350.0928
K, 3.5744 5.3025
K, 2807.3541 4772.5019
Ky 0.06 0.0571
K, 0.06 0.0571
J 1.0 0.6861
3
e : ————————————
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FIGURE 4. Validation of nonli 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
dg-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 (1)
and the g-axis (Iy). 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 g-axis are iden-
tical. The closed-loop transfer function of the block diagram
in Fig. 5 is expressed by (6).
l_d _ Kpd-Y + Kia (©6)
I Lys* + (Ry —Kpa) s — Kia
After comparing the denominators of (6) and the standard
second-order system in (7), the equations for the parameters

Kpa and Kjq are established and presented in (8).

w2

T=o-—"TTJT——— 7

52 4 2Cwys + w,z, ™

Kpd = Ry — 2¢iwpiLa
K= —Law}

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 g-axis. The equations for calculating K,; and
Ki,] are presented in (9).

{ Kpi = Ry — 2oLy

(®)

9)
Kig = —Lyo;

where wyj = 27 X fyi.

2) VOLTAGE LOOP CONTROL
Figure 6 shows the block diagram of the voltage (V)
loop control of the MEA EPS, which is used to design the
controller to regulate the voltage across the DC link capac-
itor (Vy4e). The closed-loop transfer function of the block
diagram, presented in Fig. 6, is expressed by (10).
Vae _ 3m (Km.s + K,-‘.)
V_j‘_ T 4Cues + 3mKpys + 3mKiy
Using the same procedure implemented for designing the
current loop control, the equations for designing the PI con-

troller of the voltage loop, K,y and Kjy, are established and
expressed in (11).

(10)

K= 8¢vwm Cac
e 3n (11
4Cycwyy,
Kiy = 3
3m

where wyy =27 X fuy.

* K,qa — R K; K
A ) L—ZXM -2
o K,i —R K,k K, K,,(K; — K,
lt[ - ( pd ) I(’ 4 pvipg Vi = PV pq( t d)
E 7 LRL

*
Vh

_ KpwKpq
Ly

=20k Ve
L ’(lp;qu#CPL(Kt —Ka)

o 3 1
Vic T [_Kpd]dz + KialaXia + Kpdldlj - qu]ql + lU<'¢mlq = Kerququt +

1 1
Lt KiKpglgXo +KiglyXig + KpKpglqVii] — ——Ic
Vi Cac

_ KpKpgPepr(Ki —Kg) 1 Kierqx
Iy o Iq Vi Lg

Ky Kpg(Kr — K,
pv pq(Rl d)lqvb

Ly 4)
B 2 R, \%
c= 5 dc L. [& 2 b
‘; _ 1 I 1 Pcpr 1
"7 G Rc,,lg) G |
. 2
%= —Vae+ S KDy 4k, — KpPerL - =+ V3
. Ry Vi
Xig = —Ig +1;
> va(Kl — Ka) 1 *
Xig = —1qg — KpwVac + Rivb + Kpw(K;y — Ka)Pcpr - V_I + KXy + KV,
b
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FIGURE 6. Block diagram of voltage loop control.
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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 gain K of the droop controller is set equal to the
global droop gain K; [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 K; can be designed by using (12)
and (13).

1

1f§5r51

R o R L \/1+71 1 2
Sl N 2l B

Ll+r '_2 r

ifr>1

13
M,S&(‘/Hl_l) a3
2 r

where r is the ratio between the power of the CPL (Pcpr) and
the resistive load (P, ).

For this study, ¢ = 0.8, & = 0.8, fu; = 2000 Hz, and
fw = 200 Hz are selected to design the PI parameters
of the current and voltage loops, and Pcpr, = 8 kW and
Pg, = 7 kW are used to calculate the K; and K, 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
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FIGURE 8. Process diagram for the optimal MEA EPS controller parameter
design using the ATS design method.

parameters (Kpq, Kia, Ky, Kig, Kpv, Kiv, Ky, and K;) - 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 Pcpy. There are three conditions for
setting Pcpr.:

Condition I: Changing Pcpy from 8 kW to 10 kW;

Condition 2: Changing Pcpy, from 10 kW to 12 kW;

Condition 3: Changing Pcpy, from 12 kW to 14 kW.

For the criteria of selecting these conditions, the mini-
mum value of Pcp;, must be more than one-third of Pg,
(7kW/3 = 2.33 kW) [4] to achieve the minimum power loss.
The maximum value of Pcp;, 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(Xe,u,) 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 (wy,) is deter-
mined by (14). According to (14), if the system is unstable
Re{r} = 0, wy is set to 10000 to eliminate these parameters
to make the system unstable. However, if the system is stable,
wy is set to 0.

ifRe{r} > 0
Wy = 10000
else

Wy =

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

Ty aTs ) ( Ty.a1s ) (P'U -ATS )
Wpf =a +B +vy
o (T,-A CON Ts,.con P.U.con

(15)

where T, con, Ts.con, and PU.coy are the rise time,
setting time, and percent undershoot of V; response
when the system is controlled using the vector controller
parameters designed by the conventional design method.
Ty ats, Ts.ars, and P.U.a1s are from the controller designed
by the proposed ATS design method. The priority coefficients
of T, Ty, and P.U. are , B, and y, 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 V}, response per-
formances are assessed on the basis of cost value J calculated
by (16). The ATS algorithm iteratively tunes the controller
parameters Kpq, Kid, Kpg, Kig, Kpv, Kiy, Kq, and K; until
J is minimized, indicating that the optimal V) 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 K4, Kia, Kpg, Kig, Kpv, Kiv, Ka, and K;
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.

n
T = Wi+ Wt (16)
i=1

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 (V},). 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
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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
TMDSDOCK?28335 board and the SimPowerSystem®)in
MATLAB. The MEA EPS controllers designed using the con-
ventional and the ATS design methods are digitally embedded
in a TMDSDOCK28335 board, and the remaining elements,
depicted in Fig. 1, are contained in MATLAB. The V),
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1. Code Composer Studio™ v3.3 IDE

2. MATLAB Program

3. SimPowerSystem™ of MATLAR

4, TMDSCOCK28335 Experimenter Kit

FIGURE 11. Connection between TMDSDOCK28335 board and the

SimPowerSystem(®)in MATLAB.
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FIGURE 12. The resulting V;, waveforms under the condition of Pcp,
changing from 8 to 10 kW. (a) MATLAB simulation results. (b) HIL
simulation results.

waveforms corresponding to the conditions of changing Pcpr,
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 proposed ATS design method
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 Pcpy, variation conditions. Using the
MEA EPS control system designed by the proposed ATS
design method, the system operates stably and produces the
optimal V}, response.
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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 (V},) 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 V), 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,

a(3,2)
3 1
=3 Vao (_2qulll<0 + wepm — KpvKpgVac,0
+KpKpgVy

+ vaqu(Kl —Ka)Vbo i vaqu(Kl — Ka)PcprL

Rp Vb0
+KigXig.0)
a3, 3)
o 3 .L(—K 12 o+ Kialy 0Xia.0 + Koaly ol
ZC‘I‘» Vizo pdtd,0 idtd 02id 0 pdld,0fg
= Plllg.O
+vaqu(Kr i KJ)III.OVILO + Kerpq(Kr — Ky )PCPLII/.O

RL Vb0
+(U¢'¢1HI(LO 5 KivaqlqAOXv‘O + Kiz[1¢[<OXiz]40
+KpKpglg.0Vy)

a(3,5)
_ 3vaqu(K1 = Kd)’qﬂ _ 3vaqu(Kr —Kq )P(‘PLI(/D

can be used to design controllers by following the methodol- 2CcVacoReL 2CiVacoV2
ogy used in this study. However, a drawback of the proposed ' b0
technique is that if MEA EPS parameters or their operating ~ 4(8:5)
points are varied, the controller parameters obtained from the _ Kn(Ki —Ka) _ Kp(K: — Ka)Pcrr
ATS algorithm must be designed again following the process R V2,
diagram shown in Fig. 8. '
APPENDIX ~ ok -
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ABSTRACT The number of power converters that act as constant power loads (CPLs) has increased
continuously with the penetration of power electronic technology in more electric aircraft (MEA). The
negative impedance of CPLs can drastically degrade overall stability, resulting in system instability and
poor output performance. Herein, stabilization gain based on loop cancelation is introduced to stabi-
lize the electrical power system (EPS) of MEA. After applying the proposed stabilization, the MEA
EPS can return to a stable state and operate at high-power levels until the rated power is achieved.
A robust analysis is also performed to ensure that the MEA system with the proposed stabiliza-
tion technique remains stable under all operating conditions despite changes in parameters. Moreover,
the voltage response of DC buses can adhere to the MIL-STD-704F standard. Intensive time-domain
and hardware-in-the-loop simulations are used to verify the effectiveness of the proposed stabilization
technique.

INDEX TERMS More electric aircraft (MEA), loop cancelation, active stabilization technique, stability
review.

1. INTRODUCTION loads (CPLs) [7], [8], [9]. These CPLs can directly degrade

More electric aircraft (MEA) technology is universally
acknowledged as a crucial solution for minimizing gas emis-
sions, optimizing global aircraft performance, increasing
flight reliability levels, improving power regulation effi-
ciency, and reducing maintenance and operating costs [1],
[2], [3], [4], [5], [6]. Wing ice protection, flight control
actuation, and fuel pumping systems are traditionally pneu-
matic, hydraulic, and mechanical systems in conventional
aircraft that have been completely or partially replaced by
electric systems in MEA architecture. In MEA systems, sta-
bility issues are important because most electrical power
system (EPS) components are power electronic converters
with feedback control loops that behave as constant power

The associate editor coordinating the review of this manuscript and

approving it for publication was Tariqg Masood

system damping, resulting in global system damage and poor
output performance. In previous research, stability assess-
ments based on the state variable-averaging model with the
eigenvalue theorem [1], [2], [6], [10], [11], [12], [13], Mid-
dlebrook’s criteria [14], [15], and phase-plane analysis [6],
[10], [13] have been proposed to predict unstable points
and study the influence of parameter variation in terms of
stability. However, if an instability margin occurs before the
expected power level is reached, prediction results cannot
guarantee stable system operation until the rated power is
achieved. In this case, instability mitigation or stabilization
is a major solution for extending the system’s operating
range.

Stabilization techniques can be categorized into two types.
The first is passive stabilization [16], [17], which is a simple
approach in terms of design and practical implementation.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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FIGURE 1. Configuration of the considered system in MEA.

Passive devices, e.g., resistors, resistors with inductors, and
resistors with capacitors, are installed into systems to increase
overall system damping. The drawbacks of the passive
approach are its effects on global system size, price, weight,
and loss. Therefore, the second type of stabilization, namely
active stabilization [18], [19], was introduced. In this tech-
nique, the virtual impedance established via control loop
structure modification was used for instability mitigation
instead of additional components. Active stabilization can
provide higher effectiveness and reliability than passive stabi-
lization. Active stabilization of electrical power systems can
be classified into three methods. The first is active stabiliza-
tion from the load (CPL) side [12], [19], [21], [22], [23],
[24], [25], wherein the control loop on the load side is
modified to compensate for the instability effect of CPL.
The disadvantage of this technique is that load performance
is considerably reduced. The second method involves elim-
inating destabilizing effects by installing external circuits
between the source and load subsystems [10], [20]. It is suit-
able for applications with a feeder side that consists of non-
switched converters, such as single- and three-phase diode
rectifiers. Its drawback is that it increases complexity, costs,
and losses. The third method, namely, active stabilization on
the source side [26], [27], [28], [29], is the best choice if load
dynamics and entire system performance are of concern and
crucial. This method can be specifically applied to switched

VOLUME 12, 2024

converters, e.g., bidirectional voltage source converters in
DC microgrid systems, three-phase rectifiers in electric rail-
way systems, and bidirectional DC-DC converters in electric
vehicles. In this technique, the compensation signal was gen-
erated and used to modify the control structure. Only the
resulting signal is injected into the control loop of the feeder
side.

Based on the literature on the stabilization approach,
this paper focuses on the active approach at the source
side using loop cancelation [6], [10], [11], [27] because its
study system is a single-generator/single-bus DC distribu-
tion MEA that includes an active front-end (AFE) rectifier.
Herein, instability mitigation can be easily implemented
in microcontrollers by coding a program and installing a
voltage sensor. Consequently, external components are not
required, and the existing load performance is still achieved.
Moreover, the essential capability of loop cancelation is that
it can completely eliminate the destabilizing effect of CPLs.
Therefore, the system can operate at high-power levels
until the rated power is achieved. A simplified technique
based on the averaging mathematical model was presented
to design the gain of the loop cancelation approach. After
the proposed stabilization is applied, the system becomes
constantly stable, and the DC bus voltage response (V})
adheres to the MIL-STD-704F standard [30]. Intensive
MATLAB simulations and hardware-in-the-loop (HIL) were
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used to validate the proposed stabilization method. Good
agreement among theoretical, simulation, and HIL was
obtained.

The main contributions of this article are as follows:

« A simple technique based on the averaging model for
designing stabilization gain to eliminate the unstable
effect is presented.

Robustness analysis was performed to demonstrate
that parameter variations did not affect the stabiliza-
tion results when the proposed method was applied to
MEA EPS.

The proposed design concepts for instability mitiga-
tion in MEA are intensively verified by using HIL
simulation.

The rest of this article is organized as follows: The
MEA EPS with a single-generator/single-bus DC distri-
bution and the effect of CPLs on system stability are
introduced in Section II. In Section III, the principle of
loop cancelation for eliminating the CPL effect in MEA
EPS is described. An explanation of the design of the
compensated gain of the cancelation loop, mathematical
model derivation, small-signal stability analysis based on
the eigenvalue theorem with participation factor analysis,
and large-signal stability analysis using phase-plane anal-
ysis are described in Section III. The verification of the
theoretical analysis using MATLAB and HIL simulations is
presented in Section I'V. Finally, the advantages and benefits
of the appropriate gain design are discussed and concluded
in Section V.

1. MEA EPS WITH THE DESTABILIZING EFFECT OF CPLS

The representative DC distribution MEA EPS shown in Fig. 1
consists of three parts. The first part (A) is called the
source subsystem, which contains the connection of a per-
manent magnet synchronous generator (PMSG) with its
parasitic parameters Ry .- and L 45 with a DC transmis-
sion line (represented by R and L) via an AFE rectifier.
This AFE is used to convert AC power (generated by
PMSG) into DC power to provide the MEA loads in Part B.
The smooth output voltage of the AFE rectifier (V) can
be achieved using the DC link Cye. The control scheme
used in the AFE rectifier is illustrated in the gray area
in Fig. 1. The classical vector controllers on dg-axis were
applied, wherein the reference current (I",*) is set as 0 A
to enable the PMSG in full-flux operation mode by using
the current controller on the d-axis. The current controller
on the g-axis and voltage controller are used to control
the voltage of the DC link capacitor (V) and DC bus
voltage (V) to be equal to 250-280 V (defined by the
MIL-STD704F standard) by setting the nominal voltage (%9)
as 270 V. The desired power and current sharing for MEA
EPS loads is provided by the droop controller under volt-
age mode. However, when droop control is applied in
traditional aircraft [4], [6], a massive voltage drop occurs,
resulting in unacceptable Vy- and Vj in certain applica-
tions. Consequently, voltage-regulation issues are important
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FIGURE 2. Stability prediction results of MEA EPS without the proposed
itigati hnique. (a) Analytical results. (b) Simulation results.

and must be addressed. In this study, a voltage compen-
sator, which was widely applied in modern MEA EPSs,
is used to mitigate voltage drop issues and minimize power
loss [4], [13], [31]. All controllers of the AFE rectifier were
designed via the classical approach [13], [31]. In the second
part (B), i.e., the load subsystem, depicted in blue areas,
consists of a bus capacitor (represented by Cj); resistive
loads or a wing deicing system (represented by Ry ); and
an ideal CPL associated with the active control of power
electronic circuits, such as power converters under volt-
age mode control and electric motor drive under speed
mode control. The rated power of Ry (PgL.raea) and CPL
(PcpL, raea) are set as 7 and 38 kW, respectively. This situ-
ation indicates that the rated power of the considered system
(Prated) is equal to 45 kW (PrL,ratea + PcPL.rated)- The
third part (C), namely, loop cancelation, is further explained
in Section III. The system parameters of Fig. 1 are given
in Appendix A.

In the case without loop cancelation (third [C] part), CPLs
can directly degrade system stability. A stability study is,
therefore, essential. In this study, the PMSG and AFE models
are mathematically analyzed to provide the time-invariant
mathematical model of the entire system. The resulting model
is suitable for stability studies. The dominant eigenvalue
plot and simulation result of system in Fig. 1 without the
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FIGURE 3. Loop cancelation applied to MEA EPS.

stabilization technique are obtained on the basis of the pro-
cedure in [13] and are shown in Fig. 2.

The analytical results in Fig. 2(a) show that the CPL’s
behavior can destabilize the system at the CPL power
level (Pcpr) of 22 kW. Fig. 2(b) depicts the validation
of Fig. 2(a) using MATLAB simulation. As can be observed
from Fig. 2, the unstable point of MEA EPS occurs before
Prared (45kW). Therefore, stabilization approaches are nec-
essary as explained in the next section.

1Il. ACTIVE STABILIZATION WITH LOOP CANCELATION
Fig. 3 shows that active stabilization at the feeder side using
loop cancelation was applied to mitigate the instability issue
in the MEA EPS. As a result, the considered system can
operate until the rated power is achieved under a stable
condition wherein the rated power of the considered sys-
tem is equal to 45kW. Moreover, the application of the
loop-cancelation technique to AFE rectifier—based AC-DC
converters does not require passive devices or external cir-
cuits. Given that only a voltage sensor is added to the
system to detect V), the size, weight, price, and power loss
of the overall system are unaffected when loop cancelation
is applied.

In the block diagram of the MEA EPS with the pro-
posed stabilization approach (Fig. 3), the effect of CPLs
that can reduce system damping is represented by the
term (Pcpr /V}p) in the red area. The proposed mitigation
technique was initiated by detecting the inverted voltage
across the capacitor bank (1/V}). This inverted voltage is

VOLUME 12, 2024

then fed through a low-pass filter (s/(s+w.)) to provide
a stabilization signal (Vj gqp). The slope of the stabiliza-

tion signal (Vj gap) can be obtained using a derivative
term (s). Subsequently, the resulting slope is multiplied by
feedback gain (Krp) and directly injected into the voltage

*
control loop to generate the new voltage reference Ve as
calculated by

.

Vier = Ve + Krps Vi stab

wc 1 (1)
Vii=Vi+Kpps—— | —
det = Vac t FBS o Vh)
where @, is the cutoff frequency (rad/s) at which w. is
designed to be 1.25 times the resonance frequency (1.25w,).
w, can be calculated by using (2):

1
VLcCp

The Krp gain can be adjusted to obtain the appropriate
value for eliminating the instability effect of CPLs. The Krp
gain, depending on the power level of CPL, can be designed
using a dynamic model with stability analysis. In this study,
the averaging mathematical model of the MEA EPS shown
in Fig. 1 can be derived by applying the DQ modeling
approach. The MEA EPS without closed-loop control is first
considered for the initiation of model derivation. The DQ
approach was used to analyze the PMSG and eliminate the
switching action of the IGBT module in the AFE rectifier.

(2)

Wy =
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As aresult, the dynamic model can be expressed as (3).

* R, My

I = _L_; d +we11] % Evdt

C: Ry Mq @ePim

Iy ==wely = —Ilj— Vi +

q eld Lq q L(/ dc Lq

V. . 3M,11 n 3M, 1 3
dc = G d 2Cac q Cac c (3)

T Rep— Ly

G L dc L ¢ L. b

> 1 1 PcpL

Vb= —1I — b —
TG RLG, T GV

where M, and M, are the time-invariant switching functions
of the IGBT module on the dq axis. Additional details on how
to derive the MEA EPS model using the DQ method can be
found in [13].

As shown by (3), the model is time-invariant after deriva-
tion. However, the model of (3) can describe system behavior
under open-loop control. For closed-loop control, Fig. 4
shows the schematic of classical vector control on the dg-axis
(gray area) with loop cancelation (green area), wherein new
state variables, i.e., Xiz, Xig, Xy, and Vg, are considered
in the model. The new variables Xiq, Xig, Xy, and Vyqp are
related to the 1, I, V4 control and mitigation loops. Ana-
lyzing the structure in Fig. 4 using basic circuit theory yields
the control signals (Z; and Z‘;‘ ) and the reference modulation
index on the dg-axis (M} and M{’;) given in (4) and (5),
respectively.

Zj = —Kpala + KiaXia + Kpal}}
Z,; = —Kpgly — KpwKpgVac + KivKpgXy
KowKpo(K; — Ka)Vi
+ KigXig + KpKpg Vi + %

+ Kpl‘Kp([PCPL(KI —Kq) + Kpl'Kp([(KI —Ka)Vp

R RL
K, Pepr (K, —Ky)
+ %’;[‘l = Kerqul-‘BerIx.\'mb
e
+ KKK
4)
1
M; = () @+ etaty)
dc 5)

1
* *
My = (W) (2 — weLala+ wepn)

The switching functions M, and M in (3) can be replaced
with the reference modulation indices M and M in (5). The
nonlinear time-invariant model of the closed-loop MEA EPS
with loop cancelation can be expressed as (6).

However, a linearized model is also required for stabil-
ity studies based on the small-signal stability technique.
Therefore, the first-order term of the Taylor series expan-
sion was used to derive the linearized state—space model.
As a result, the set of differential equations suitable for
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q
1
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2
— KpwKpgKrpocly Vi stab + vaququI: ]
. 1
Cue (R 1
. 1 :
I = Evz]t o ill‘ L Vi
2 1 1 Pcpr, 1
Vo= —Ic——V,— =
Cp RLCp Cp Vi
> (K — Ka) 1
Xy =—Vuc+ TVI: + (Ki — Ka)PepL -
L Vi
1
+ Krpwe— — Kepoc Vi siab + Vi
= Vb
Xig =—la +1j
$ KK, —Ky)
Xig = —lg — KpwViac + %Vh
1 1
+ Kp(K: — Ka)PepL - — + KpKppoe —
Vi Vi
= vaKFB“’(‘Vh.xmh + Kin Xy + va Vl’:
i o
Vb.stab = V[(,. — @c Vb, stab
(6)
X = A(X,, Up)dX + B(x,, uy)su )
3y = C(X,, uy)dx + D(x,, uy)su
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where matrices A, B, C, and D are the Jacobean matrices of
the MEA EPS in the general form depending on the system
operation point. The details of A, B, C, and D can be found
in Appendix B.

As shown in Appendix A, intensive MATLAB time-
domain simulations using system parameters with w. =
39528.47 rad/s and Krp = 1 are performed to validate the
nonlinear model in (6) and linearized model in (7). The CPL
changes from 22 kW to 26 and 24 kW at the time instants
of 0.2 and 0.3 s, respectively. Fig. 5 shows that both models
can provide the correct transient and steady-state responses.
Therefore, the derived models can be used to design the Krp
value. The mitigated system is expected to be stable when
it reaches the rated power of CPLs without encountering
instability or operation issues. The method for designing the
suitable Kgp is described below.

A. DESIGN OF APPROPRIATED Kgg GAIN

The design of the appropriate Krp gain based on the math-
ematical model of the MEA EPS with loop cancelation is
introduced in this section. Stability assessment techniques,
namely, small-signal stability analysis using the eigenvalue
theorem, a modal analysis technique called participation
factor analysis, and large-signal stability analysis via phase-
plane analysis, are performed to provide a sufficiently small
Kpp for instability mitigation at the full power of CPLs.
Fig. 6 shows the dominant eigenvalue plot obtained by
using the linearized model in (7) with the parameters in
Appendix A and . = 39528.47 rad/s when the Krp gain
changes from 0 to 1.1 and the CPL is fixed at the rated
power of 38 kW. The trajectory of the eigenvalue in Fig. 6
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illustrates that the real part of the dominant eigenvalues
exceeded 0 when 0 < Kpp < 1. The system is therefore
unstable at Pcp; = 38 kW if Kpp < 1. By contrast, the system
can return to the stable state again when Kpp ranges from
1.01 to 1.1 (refer to the blue dominant eigenvalue located on
left-hand side of the s plane).

However, information from the eigenvalue theorem
is insufficient to assess the adherence of V) to the
MIL-STD-704F standard. Thus, participation factor analysis
is applied with the eigenvalue theorem to identify the con-
tribution of the state variables, including the related system
parameters, and to study the stability of the MEA EPS in
depth. Tables 1 and 2 show the participation matrices calcu-
lated from the system model in (7) the absence of mitigation
(Krg = 0) and in the presence of the appropriate mitigation
(Kpg = 1.01), respectively. The details of the calculation
of the participation matrix can be found in [12] and [13].
Tables 1 and 2 show that the state variables /. and V}, are
related to parameters L. and Cj, which are involved in the
dominant poles of Fig. 6. Therefore, the state variables /. and
V), are used to construct the phase plane in Figs. 7 and 8.
As depicted in Fig. 7, the phase-plane trajectory on the
IV}, plane when Pcpy = 38 kW with Kpp=0 starts
from the initial point and then diverges from the equilib-
rium point. This situation indicates that the system was
unstable at this operating point. Moreover, the steady-state
response of V, does not follow the MIL-STD-704F stan-
dard (exceeding the range of 250-280 V). If the proposed
stabilization is applied with Kzg = 1.01, the MEA EPS
can maintain stable operation at the rated power, and the
characteristics of V}, can also adhere to the MIL-STD-704F
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standard completely. The MEA EPS trajectory in the mag-
nified areas of Fig. 8 moved to the equilibrium point,
whereas the amplitude of V}, was in the range of 250-280 V.
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TABLE 1. Participation matrix in the absence of mitigation. TABLE 2. p matrix in the p of approp g
Eig. 1 Eig. Il Eig. IV Eig. IX Eig.1 Eig. 1l Eig. IV Eig. IX
Iy 0.8333 0 0 0 I 0.8333 0 0 0
I 0 0.4896 0.4896 0 I 0 0.5125 0.5125 00014
Vs 0 03220  0.3220 0 Vs 0 0.3266  0.3266 0.3792
Vis, 0 0 0 1 Vet 0 0.0378  0.0378 0.0196
Mode II Mode IT
Moded (Dominant mode) ModeY Model (Dominant mode) Mode™V,

Simulations using the MATLAB/SimPowerSystems environ-
ment and HIL were performed to verify the effectiveness of
the proposed instability mitigation. Its results are presented
in Section IV.

IV. SIMULATION VERIFICATIONS USING A MATLAB
TOPOLOGY MODEL AND HIL TECHNIQUE

As discussed in the previous section, the unstable oper-
ation of the studied MEA EPS in Fig. 1 occurs when
Pcpr. = 22 kW. The proposed technique based on loop can-
celation was introduced to solve this issue. The theoretical
results in 6-8 confirm that the system using the proposed
mitigation technique is always stable under all operating

VOLUME 12, 2024

conditions and exhibits the desired V},. The intensive verifica-
tion by simulation using the MATLAB topology model and
HIL technique is reported in this section. Figs. 9(a) and (b)
present the rig and block diagram of HIL simulations,
respectively. Herein, the simulation of high-power compo-
nents, ie., the PMSG, AFE rectifier, DC link capacitor,
DC transmission line, bus capacitor, resistive load, and ideal
CPL, are assessed in the MATLAB/SimPowerSystems envi-
ronment, whereas the employed vector controllers on the
dg-axis with the loop-cancelation technique are digitally
generated on a TMDSDOCK28335 board by coding with
the C programming language and Code Composer Studio
software.
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The details of the HIL simulation are explained below.

Step 1: The rotor velocity (@), input currents of the AFE
rectifier (/i abc), load current (I,), voltage across the DC link
capacitor (Vg¢), and DC bus voltage (V) in the MATLAB
topology model in the computer acting as a host are detected.
Next, these data were exported to the TMDSDOCK28335
board acting as a target via From RTDX blocks and the Joint
Test Action Group emulator interface.

Step 2: The received data (wm, Tin,abes Lo, Ve, and Vj)
are assessed by the implemented controllers on the board to

generate reference modulation indices (M}, M, and M[}).

100916

Step 3: M, M}, and M} are returned to the host with
RTDX blocks to control the AFE rectifier.

Efficiency tests under various operating conditions can
be divided into two cases. In the first case, the MEA EPS
operation must be stable until the rated power is obtained
without encountering instability issues. Moreover, V}, should
adhere to the MIL-STD-704F standard. In the second case,
the proposed active mitigation technique must maintain
system stability under all operating conditions despite the
change in aircraft parameters. The simulation results from
MATLAB and HIL, which verify the efficiency of the
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(a) MATLAB simulation result for R, +2% = 10.2 Q.

(b) HIL simulation result for R, + 2% = 10.2 €. (c) MATLAB simulation result for R, — 2% = 9.8 €. (d) HIL simulation

result forR; — 2% =9.8 2.

proposed mitigation technique, are illustrated in Figs. 10, 11,
and 12.

The MATLAB and HIL simulation results in
Figs. 10(a) and 10(b) confirm that the system can return to
a stable condition and operate at high-power levels until the
rated power is achieved. The output response performance
investigation shows that the proposed design can provide
the Vj, that agrees with the MIL-STD-704F standard. The
amplitude of V}, is constant within the range of 250V-280V,
and the maximum ripple voltage does not exceed 6 V.

VOLUME 12, 2024

Figs. 11(a)—(d) show the simulation results R. + 2% =
6.1 mQ and R. — 2% = 5.9 mQ. Fig. 12(a) — (d) provide
the simulation results in the case of Ry + 2% = 10.2 Q and
Ri — 2% =9.8 Q. Even though R and Ry, change, the system
can maintain stable operation within the rated power by using
the Kpp designed on the basis of fixed R, = 6 mQ and
Ry = 10 Q. This situation indicates that parameter robustness
does not affect the active stabilization results when the Kpp
gain is appropriately fixed in accordance with the proposed
technique.

100917




329

1EEE Access

R. Phosung et al.: Improvement in the Stability of DC Electrical Power Distribution Systems in MEA

Overall, good agreement was found among the analyt-
ical, MATLAB topology simulation, and HIL simulation
results. Initially, a system without mitigation might enter
an unstable state when the Pcpy level is equal to 22 kW
(<rated power: 38 kW). After activating active stabilization
based on loop cancelation, instability can be completely
eliminated to maintain stable operation under all oper-
ating conditions within the rated power. Moreover, the
output voltage performance adhered to the MIL-STD-704F
standard.

V. CONCLUSION

Active mitigation at the source side of the DC electrical power
distribution system in MEA using loop cancelation was pre-
sented. The proposed technique for designing the appropriate
Kpp gainis provided to eliminate system-destabilizing behav-
ior owing to the CPL effect. As a result, the MEA EPS can
return to a stable state and operate at a high-power level
until the rated power is achieved. Moreover, the resulting Vj,
agrees with the MIL-STD-704F standard. In addition, key
aircraft parameter variations within £2% did not affect the
active stabilization results. Theoretical results (derived on

the basis of the eigenvalue theorem, participation factor
analysis, and phase-plane analysis), MATLAB topology
simulation, and HIL simulation were used to confirm the
effectiveness of the proposed active stabilization method.
Consequently, stable operation and V} conforming to the
MEA standard can be achieved. The proposed stabilization
concept can be applied in other power system architectures
containing control loops on the source side, e.g., electrical
railway and DC microgrid systems, for instability mitigation.
Moreover, the definition of the suitable Kpp in this article
remains useful even when system parameters or rated powers
change.

APPENDIX A

THE SYSTEM PARAMETERS

The system parameters are as follows: Ry = 1.058 mQ,
Ly = Ly = Ly = 99 uH, ¢ = 0.03644V.s/rad, p = 6,
we = 2 x 400 rad/s, C4c = 1mF, cable length = 10 m,
Re=6mQ, L =2 puH, C, = 05 mF, R, = 10 @,
Kpy = 3.5744, Kjy = 2807.3541, Kjy = Kpg = — 1.9895,
Kig = Kig = — 1563.3453, K = K; = 0.06, [] = 0 A, and
Vi =270 V.

A(Xo, Uo)
Kpq — Ry ‘ -
iy O P 0 0 0 0 _Kia 0
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0 qu — Ry vaqu 0 a2, 5) s Ki\‘qu 0 7@ K]rv'KpWCKFB
b b 3K, KL 1]] 3Ki4l, 3Kiql, b
a3, ) aB3.2) a(3.3) —— a3, 5) Dopd g0 -t 40 1420 a(3,9)
: %1( : 2CacVico  2CacVieo 2CacVieo
0 0 — = S 0 0 0 0
= r I .
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-1 0 0 0 0 0 0 0 0
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APPENDIX B

THE DETAILS OF THE JACOBEAN MATRICES

The details of the Jacobean matrices A, B, as shown at the
bottom of the previous page, C, and D can be expressed as
follows:
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TUSNSUNNTANLINNS a9 AT NAeAT NNSAIUN AT IRMNFARSYR IR — S1EY
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9%%%UsENARNNNTIENETA o vessvuulieldmuinmAluan1izagfi%e%

clc

clear all
Rs=1.058e-3;
Ls=99e-6;

Ld=Ls;

Lg=Ls;
Flux=0.03644;
Poles=6;

Fe=400;
W=2*pi*fe;
Ws=(4*pi*fe)/Poles;
Wm=Ws;
We=(Poles/2)*Wm;
Cdc=1e-3;
Rc=(0.6e-3)*10;
Lc=(0.2e-6)*10;
Cb=0.5e-3;

RL=10;

m=0.75;
Xs=We*Ls;
Z=s5qrt(RsN2+XsN2),

Gamma=atand(Xs/Rs);

%%%MMUARSUAULAEAIAINAINARDUEIEA TN BN TULA% %%

Pcpl=10e3,;

Egen=((((Poles/2)*Ws)*Flux*(Poles/2))*3)/sqrt(2);

Vitgen(1)=Egen;
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Vdc=(2*sqrt(2)*Vtgen(1))/m;

Vb=(Vdc+sgrt((VdcA2)-(4*((Re/RL)+1)*Rc*Pcpl)/(2*(Re/RL)+1));

lc=(Vb/RL)+(Pcpl/Vb);

PRL=(VbA2)/RL;

Ploss=(IcA2)*Rg;

Pcon=(PRL+Pcpl+Ploss)/3;

Delta(1)=asind((Pcon*Xs)/(Egen*Vtgen(1))),

ea Vtgen=100;

ea Delta=100;

es=1e-10;

k=1;

%%%gUIUTUNTUNTANIUMIAT S MEIoN15U0IIIRU — 9IMETU%%%

while 1

f1=(Vtgen(k)*Egen*cosd(Gamma-Delta(k)))/Z-(Vtgen(k)A 2)*cosd(Gamma))/Z)-Pcon;

f2=(Vtgen(k)*Egen*sind(Gamma-Delta(k)))/Z-
((Vtgen(k)A2)*sind(Gamma))/Z)+(((Egen*Vtgen(k))/Xs)*cosd(Delta(k)))-
((Vtgen(k)A2)/Xs);

f1 Vtgen=(Egen*cosd(Gamma-Delta(k)))/Z-((2*Vtgen(k))*cosd(Gamma))/2);
f1_Delta=(Vtgen(k)*Egen*sind(Gamma-Delta(k)))/Z;
f2_Vtgen=(Egen*sind(Gamma-Delta(k)))/Z-
((2*vtgen(k))*sind(Gamma))/Z)+((Egen/Xs)*cosd(Delta(k))-((2*Vtgen(k))/Xs);
f2_Delta=-(Vtgen(k)*Egen*cosd(Gamma-Delta(k)))/Z-
((Egen*Vtgen(k))/Xs)*sind(Delta(k)));

Vtgen(k+1)=Vitgen(k)-(((f2_Delta*f1)-(f1_Delta*f2))/((f1_Vtgen*f2 Delta)-
(f1_Delta*f2_Vtgen)));

Delta(k+1)=Delta(k)-((f1_Vtgen*f2)-(f2_ Vtgen*f1))/((f1_Vtgen*f2_Delta)-
(f1_Delta*f2_Vtgen)));

Vdc=(2*sqrt(2)*Vtgen(k+1))/m;
Vb=(Vdc+sgrt((VdeA2)-(4*((Re/RL)+1)*Re*Pcp))/(2*((Re/RL)+1));
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lc=(Vb/RL)+(Pcpl/Vb);
PRL=(VbA2)/RL;
Ploss=(IcA2)*Rc;
Pcon=(PRL+Pcpl+Ploss)/3;

ea Vtgen=abs((Vtgen(k+1)-Vtgen(k))/Vtgen(k+1))*100;
ea Delta=abs((Delta(k+1)-Delta(k))/Delta(k+1))*100;
%%%Aluanzeyiivesszuukaza & filsnnsAumseisnsvesiag - sdy
If ea Vtgen<=es&&ea Delta<=es
Egen;
Vtgen=Vtgen(k+1);
Delta_degree=Delta(k);
Delta_radian=(1/180)*pi*Delta_degree;
Vdc=(2*sqrt(2)*Vtgen)/m;
Vb=(Vdc+sqrt((VdcA2)-(4*(Re/RL)+ 1)*Rc*Pcp))/(2*(Re/RL)+1));
lc=(Vb/RL)+(Pcpl/Vb);
PRL=(VbA2)/RL;
Ploss=(IcA2)*Rc;
Pcon=(PRL+Pcpl+Ploss)/3;
Qcon=-(((Egen*Vtgen)/Xs)*cosd(Delta degree))+((Vtgen/2)/Xs);
break

end
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AP OX Su Sy A(x,,u,) B(x,,u,) C(x,,u,) 4oz D(x,,u,) Tuaunisi

(3-47) uansléieiail

sx=[s1, &I, &V, &I &V, X, 56X, 6X,]
. . T

su=[8I, &V, SP, ]

sy=[oV, OI, oV,]

K R
2 0 0 0 0
Ld
K —-R K K
0 Pq Py rq 0 a(z) 5)
q L‘i
a(3,1) a(3,2) a(3,3) - ! a(3,5)
Cdc
1 1
Ax,,u,)= 0 0 A —L—“ A
0 0 0 1 - L + Fer é
C[ RLCb C[ Vi 0
0 0 -1 0 K[_Kd (Kr _K(I)PCPL
R[ V;yz,o
-1 0 0 0 0
0 -1 -K,, 0 a(8,5)

o a(2,5)=- KKLU;K R, vaquiCP;EKf -K,)
7L q" b,0

3001 .
TR (“2K, 1,0+ K X,y + K 01}

a(3,1) =

0 Kay
Ld
KKy K
L‘i L‘I
3K, K, 1,, 3K,,, 3K/,
2Cdr Vdr.O 2Cd1‘ I/(11‘,0 2Cd1‘ de‘.O
0 0 0
0 0 0
0 0 0
0 0 0
K, 0 0
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301 K, K, (K —=K)V,,
0(3, 2) = 2Cdc -a(—Zqu]q,o + a)e¢m _vaquVdc,O + Lad RL
K K (K -K,)P ,
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b,0
301 ) . )
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de de,0
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R, Vio
K KL o X o+ KL o X o+ KK T V)
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I _& 0 0 ]
Ld
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0000100 0], 00 0]
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(5-10)

AP OX Su Sy A(x,,u,) B(x,,u,) C(x,,u,) 4oz D(x,,u,) Tuaunisi

(5-10) anansauandlamai
ox=[s1, &I, &V, &I &V, X, 6X, X, V]|

su=[8I, &V; &P, |

sy=[ov, oI on]

K  —R ,
pd s 0 0 0 0 0 _& 0 0
Ld Ld
0 qu _ RS vaqu 0 a(2 5) _ Kivaq 0 _ ﬁ vaKp(/wCKFb’
L L, L, L, L,
3K, K I, 3K, 3K, I
aB,l)  a(32)  a(3,3) L a(3,5) v pg 9.0 id_d.0 4_4.0 a(3,9)
Cdc 2C(1<'Vd(:0 2Cchd(:0 2Cchd::U
1 R 1
0 0 B —L - 0 0 0 0
A(x,,u,)= L, L. L.
0 0 0 LI PCPg 0 0 0 0
Ch RL Cb Ch Vdc. 0
0 0 -1 0 a(6,5) 0 0 0 —K 0,
-1 0 0 0 0 0 0 0 0
0 -1 -K,, 0 a(8,5) K, 0 0 -K, Ky
0 0 0 0 ~ L 0 0 0 —o,
Vio
L B 49x9

vaqu (KKt - Kd) + vaquf)CPL (Kt - Kd) + vaquKFBa)C
LqRL Lq Vbz,O LqVZO

e a(2,5)=—

(98]
—

a(3,1)= ‘_(_2Kpdld,o +KidXid,0 +Kpd1;)
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301 K, Ky (K, =K )V,
a(3,2)= E.a(_zqu[q’o tao,,—K, K, V.ot o R
K K (K,—-K,)PF K K K. o
+ pv pq(l/t d) CPL + pv I;;] FB™'C —vaquKFBa)CVb’mb,o
b,0 b,0
+Kivaqu,0 + Kiniq,O +KPVKPqI/b )
3 1 2 * 2
a(3,3):2c 7 (—Kpdld,o+Kid1d’0Xid’0+Kpd1d,01d—qu]q)0+a)e¢m1q)o
de de,0
N K, K, (K=K, V,, N K, K, (K -K)EBpl,,
RL I/b,O
K K Kol
+ . qu R _vaquKFqu,OI/b,stab,O
b,0

+K, K, o X+ Ko X o+ K KL V)

iq” q,0°"iq,0 v pgt q,0

4(3,5) = 3K, K, (K=K, 3K,K, (K-K)Fpl, 3K,K, Ko,

v pq
2(jdcl/dc,ORL 2Cch/dc,OI/b2,O 2Cdcl/a'c,01/lfo
a(3 9) _ _3vaquKFBa)c]q,o Cl(6 5) _ Kt _Kd B (Kx _Kd)PCPL B KFBCOC
) y 3 B
2Cdcl/dc,0 RL I/b,O V;J,O

a(8,5)= K, (K, ~K,) _ K, (K, —K) e, _ K, K
’ R, Vbz,O Vfo




2 0 0
Ld
0 _ vaqu _ vaqu (K, -K,)
Lq Lqu,()
3Kpd[d’0 3vaqu]q’0 3vaqu]q,0(Kt -K,)
2 Cdc Vdv,O 2 Cdc Vdv,O 2’ Cdv Vdc,O V[J,O
0 0 0
B(x,, =
(x,,u,) 0 0 1
C[JV;),O
0 1 Kt_Kd
Vio
1 0 0
K (K -K
0 va pv( t d)
Vio
0 0 0
001 0O0O0O0O0OO® 0
C(x,,u,)={0 0 0 1 0 0 0 0 0
000 O0T1O0O0O0OSFO

3x9

-19x3
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D(x,,u,)

Il
S o O
S o O
S © O

3x3

a b7

FgazdenvasuuuTIaInadinaaasngniidudaduluaunisy

(7-23)

WAL SX Su Sy A(x,,u,) B(x,,u,) C(x,,u,) 4oz D(x,,u,) Tuaunisi

(7-23) @unsanansbas il

ox=[sl, o1, &V, oI,

sq

su=[s1, oV 6P, |

T

é‘I/b 5X Y é“}(td 5‘thq é‘I/;J,stab ]

T
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Rm‘ +Kpd 0 7K,prd 0 a(l 5) Kprd K,d 0 7K,prdchF37
L, L, ’ L L, L
R _+K K
0 et B 0 0 0 0 0 u 0
L, L,
3K, K1 3K 1 3K, I
a(3’1) a(3,2) a(3,3) _ 1 (1(3,5) _ v pdTsd0 id sd0 iq” 54,0 a(3’9)
Czlr zcd( Vd[ L0 2Cd< V(I( 0 2Cdc Vdc L0
1 R 1
0 0 — - -— 0 0 0 0
A(x,,u,) = L L L
0 0 0 LI NN P‘"’; 0 0 0 0
Ch RLCh C/JVd( 0
0 0 -1 0 a(6,5) 0 0 0 K 10,
-1 0 -K,, 0 a(7,5) K, 0 0 -K Ko
0 -1 0 0 0 0 0 0
0 0 0 0 - L 0 0 0 -0,
Vio
L . Joxo
Lﬁ@ a(l,5) = K, K, (KK, -K,) K, K, Fepr (K, —K,) K, K, Ko
»Y) = - 2 - 2
L/'RL Lbe,o Lbe,o
3 1 KK, (K, - K, )Vb 0
a3,1)= . 2K J1,,+K K V,.,——= d :
2C, V P preope e R
de de,0 L
K, K, (K, —K,)Fep, K, K, Ko K K K Vv
- V - V + pv o pd FBa)C b,stab,0
5,0 5,0
*
+Vsd - KivadXv,O - KidXid,O - vaKpdVb )
3,2)= 3 Yok -k x 4K
(l( ’ ) - 2C : V ( Pq” 5q,0 - iqg* " iq,0 + pq sq)
dc de,0
31 ) .
a(353) - _2C ' V2 (Kpd[m’,o _Kivaded,OXv,O _Kidlxd,OXid,O +vaKpd1sd,OI/h
dc de,0
_ vaKpd (Kt - Kd )[sd,OVb,O _ vaKpd (Kt - Kd )PCPLIsd,O
RL Vb,O
K K K. ol
pv T pd T FBYYCT sd 0
- 7 + K, K, Ks®cd oy Vs iano Vel sao
5,0

q~ 59,0 iq~ sq,0 g~ 59,07 sq

2 *
K 00 —Kd o X o =Kol oly )

3vaKpd (Kt - Kd )Isd,() + 3vaKpd (Kt - Kd )PCPLISd,O + 3I<pvl<paf[<FBa)CIsd,0

a(3,5)=—
( ) 2Cchdc,0RL 2Cch/dC,OI/b%0 2Cchdc,OI/lfO




4(3.9) = 3K, K,/ Kol a(6,5) = K -K, (X, —sz Wer KFBZCOC
2Cchdc,O RL I/b,O I/b,O
a(7’5) _ va(Kt _Kd) _ va(Kt _de )PCPL _ vaIiFBa)C
R, v v
i O vaKpd vaKpd (Kt _Kd)
L, LV,,
K d
__re 0 0
L,
3I(qu[sq,o 3vaKpd15d,0 3vaKpd1sd,0 (Kt _Kd)
2 Cdc Vdc,O 2 Cdc Vdc,O 2 Cdc Vdc,O I/17,0
0 0 0
B(x,,u,) =
(x,,u,) 0 0 1
Gl
0 1 KK,
Vo
0 va va (Kt _Kd)
Vio
0 0
L O O 0 19x3
001 0O0O0O0TO0ODO 0 0 0
C(x,ou,)={0 0 0 1 0 0 0 0 0 D(x,,u,)=|0 0
000 01O0O0TO0DPO0 0 0

3x9
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nansuAsaUmMATinesvesdanasiiunsdumuuunydiudad
wnzauigadmiuszuu i dsuueiesduniniausegs

MsnageUMAITNTnefueIaneITiunsAuMLUUAYTsUSUF Asnzandian
AnSuNITEENRUUANNASLER B MMTIUSURAZEUAIAINNISAFEUMAIS IIUAABU
Suduilmingauiige nglddidunismaaeuiiaitiu 10 20 30 40 uag 50 ARBY LAY
AMUUATHTIUIUTBUNITAUNUNIAY 10 59U TIUIUAINDUTBUVIUNIAY 30 ANRDU

ANSALINSAUNIINAU 50 Wasidus wazdnsusuansalvingu 1.3 sakanalalunsian 1.1 aad

AN 4.1 NTNAADUIIUIUAINBULSUAU

A w
Y . FuruAnaUSHEY (A1nav)
A9
10 20 30 40 50
1 0.74494 0.744904 0.744885 0.744915 0.745015
2 0.744959 0.74494 0.744991 0.744998 0.744943
3 0.744972 0.744922 0.744996 0.745801 0.744958
4 0.745002 0.744883 0.745808 0.744947 0.744915
5 0.744889 0.744922 0.74501 0.745001 0.744892
F’]"]LQ’EIEJ 0.744952 0.744914 0.745138 0.745132 0.744944

Tuddusiaunasdunisnageumeaduiudneuseudsimuzauian lagldviinig
NAFBUNANYIIAU 10 20 30 40 hag 50 AIMBU TUIUENTIUIUTOUNTAUNLMAINY 10 SaU
TIUIUAINDULSUAULYIIAU 20 AIRBU AISATNISAUNINAAY 50 LUasiFud way

an51USUanSATINAY 1.3 Aauanalalun1san 1.2 fadl
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A w
4 UIUAIMBUTIUTN (A1Mav)
R
10 20 30 40 50

1 0.745102 0.744936 0.745002 0.744925 0.745009
2 0.744989 0.745047 0.744956 0.744851 0.744916
3 0.745066 0.745044 0.745039 0.745024 0.74494
4 0.745172 0.744997 0.744976 0.744895 0.744909
5 0.744902 0.744928 0.744941 0.744903 0.745248

Aade 0.745046 0.744991 0.744983 0.74492 0.745004

ELuﬁﬁUﬁmmwLﬁuﬂWiwmaaUMWi’l%’ﬂﬁmiﬁumﬁmmzauﬁqm Tnglavinnnsnegaau

AAIAU 10 20 30 40 wag 50 Wasidud TuvNsNIUIUTIUNITAUNIWINAY 10 58U

FIUIUAINBULIUAUMNAU 20 ANMBU I1UIUAINDUTOUINILNNNU 40 ANHBU WAY

dns1USvansatiwingy 1.3 sakanslalunnsen 4.3 fail

ANS19% 4.3 NSNAFBUAISALNITAUIAN

A W
Y 4 ANSASNIAUA (Wasidud)
Al
10 20 30 40 50

1 0.743974 0.743883 0.743805 0.745081 0.744961
2 0.743965 0.743825 0.743872 0.74492 0.744905
3 0.743812 0.743962 0.743905 0.74496 0.745027
4 0.743955 0.743971 0.743948 0.744967 0.744965
5 0.743861 0.743959 0.743928 0.744849 0.744877

Aade 0.743914 0.74392 0.743892 0.744955 0.744947

dmsunsneageumarsnsuTuanaiinmuzauigalavinismegeuidnriniy 1.1

1.2 1.3 1.4 hag 1.5 IngmAUAliIIuIUIoUNITAUNIWNAY 10 S8U 91UIUAINDULSUAY
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WINAU 20 A1HBU FTUIUAIRBUIIUVIMNNU 40 ANMDU WALAISAINITAUNIYINNY

30 Wosdud saanslalumisen €.4 sail

ANS99 9.4 NSNAFBUAIDRIIUSUARSAL

A w
4 AdnI1UsUanIAd
AN
1.1 1.2 1.3 1.4 1.5
1 0.744872 0.744878 0.744845 0.744818 0.744896
2 0.745076 0.744923 0.744927 0.744899 0.744777
3 0.745847 0.744807 0.744809 0.744819 0.744802
4 0.744877 0.744803 0.744832 0.744799 0.744893
5 0.744903 0.744834 0.744899 0.744775 0.744864
ﬂ"]Lag*&J 0.745115 0.744849 0.744862 0.744822 0.744846
ludduannieassnisnadavazidunisnageumsnuiuseunisaum nelaviinis

q

NAFBUNANYINAU 20 30 40 50 Wag 60 58U MVUSNITUIUAINBULSUAUWMNNAY 20 ANRNBU

o o 14 ! [ o 1w oA 1% ! [ § 3
FTUIUAINDUIBUVINNINU 40 ATABU ANSANNITAUNNINU 30 LUDITLTUR Ay

an51USUanSATIWNAY 1.4 Aananalalun1san 1.5 fadl

AT 4.5 NSNAFDUITUIUTOUNITAUN

Al W
Y F1UIUTBUNTAUNN
A399]
20 30 40 50 60
1 0.744892 0.744876 0.744892 0.744463 0.744842
2 0.744844 0.744792 0.744831 0.744489 0.744764
3 0.744765 0.74496 0.744876 0.744489 0.744894
4 0.744891 0.744764 0.744789 0.744464 0.744972
5 0.744832 0.744853 0.744764 0.744491 0.744876
Aade 0.744845 0.744849 0.744831 0.744479 0.74487
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INANTIN 1.1 DIA15199 4.5 LDRNTUNFINATNISINLMDIVDIDANDINUNITAUN

%

WUUI YRS UM gaungad msunsesnwuuaunMsai et sn U udsuReuly

a0 2 I

A1 wwdsnladesnan alaTIWIUAIARUISNANTNIMNIzANNaAWINAY 20 A1RBY
IUIUAMBUTOUT IV ZANNdAWINTU 40 AMmaU ASANNITAUM AN auNgaiiY
30 Wesidud dnsUsuansalimvunzauiigaviniu 1.4 wazd uiusaunisiumimuizay

ngawiniu 50 sou

HANTNAFIUNIATNITINLABTVBITANDINUNTAUMUUUAYLTIUTUAT

wuzaufigagmuyanagaussuuliiiidsuuesasiy

MsnadeUMANI e fessaneiiunsAuLUUIMY BT UM Nz auian
ATUNIEENUUUANNNTAS AR S MMBIUSURAZIEUAIAIN NS NAGEUMAS ILIUA B Y
Guduiivanzaniian laglddudunismaasuiiaindu 10 20 30 40 way 50 ARBU LAz
ANUALAIIUIUTBUNITAURUNIAY 10 58U TIUIUAINBUTBUVIUYINAY 30 AR U

ANSALINSAUNINAU 50 WasHus wazdnsusuansalvingu 1.3 sakanalelun1s1ai 1.6 fell

AN 9.6 NISNAFBUINUIUAINDULSUAU

A W
Y 4 Furudmausudy (Fmeu)
AT
10 20 30 40 50

1 0.707763 0.707741 0.707758  0.707746 0.707745
2 0.707768 0.707743 0.707744  0.707745 0.707794
3 0.707765 0.707745 0.707749  0.707744 0.707898
4 0.707782 0.707744 0.707744  0.707745 0.707703
5 0.707764 0.707750 0.707744  0.707750 0.707707

Anade 0.707768 0.707745 0.707748 0.707746 0.707769

TugdumenaziiunisedeumaduiuAneuseulRmuzaufiagn Tnglaviinis
NAFBUNANYINAU 10 20 30 40 kag 50 AINDU PUTULNIIUIUTOUNISAUNINAY 10 58U
FUUANBUSUAWNAU 20 AR ANSAINISAUNLYNAU 50 Wasidus wazdnsiusuanseil

WU 1.3 AWAASAUAISI9N 9.7 fadl
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Al W
Y . MUIUANBUTBUTN (AnaU)
G
10 20 30 40 50

1 0.707757 0.707744 0.707748 0.707748 0.707743
2 0.707773 0.707748 0.707743 0.707781 0.707744
3 0.707758 0.707749 0.707745 0.707743 0.707758
4 0.707748 0.707744 0.707742 0.707743 0.707749
5 0.707753 0.707765 0.707742 0.707744 0.707751

Aade 0.707758 0.70775 0.707744 0.707752 0.707749

IuﬁﬁuﬁmmwLﬁuﬂﬂimaaumm%’ﬁﬁmiﬁumﬁmmzauﬁq@ Tnglavinnsnegaau

AAAIAU 10 20 30 40 wag 50 Wasdud TuvmNsNIUIUTIUNITAUNIWNAY 10 58U

FIUIUAINDULIUAUMNAU 20 ANRNBU 91UIUAINDUITIUTILNINAU 30 ANHDU WAy

dns1USUanSATINAY 1.3 Aananalalun1san 1.8 fadl

ANS19% 4.8 NSNAFBUAISALINITAUIAN

A W
‘4 ArsATinIsAUM (Wasidud)
ATl
10 20 30 40 50

1 0.707765 0.707742 0.707742 0.707766 0.707744
2 0.707749 0.707771 0.707749 0.707758 0.707745
3 0.70776 0.707742 0.707742 0.707751 0.707744
4 0.707758 0.707742 0.707745 0.707743 0.707743
5 0.707746 0.707744 0.707743 0.707743 0.707751

ﬁ’]LQ’gﬁl 0.707756 0.707748 0.707744 0.707752 0.707745
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dmsunsneageumaArsnsuTuanaiinmuzauigalavinismegeuitanriniy 1.1
1.2 1.3 1.6 kag 1.5 WwegmNUALiaIuIUToUNISAUNIAINU 10 58U I1UIUAINBULSUAY
WINAU 20 ANRBU FTUIUAIRBUIOUVIMNNU 30 ANMDU WALAISAINITAUNLYINNY

30 Wosdud saanslalumisnen 4.9 sl

dl ! o U v a
AN 9.9 NMIVNAFBUANBNTIUIUARNSFAL

Al W
4 AANI1USUanIAY
ATl
1.1 1.2 1.3 1.4 1.5

1 0.707646 0.707643 0.707642 0.707642 0.70765
2 0.707644 0.707643 0.707644 0.707642 0.707644
3 0.707643 0.707649 0.707644 0.707650 0.707653
a4 0.707645 0.707643 0.707643 0.707652 0.707652
5 0.707658 0.707642 0.707643 0.707655 0.707645

ﬂIWLQSEJ 0.707647 0.707644 0.707643 0.707648 0.707649

lugsugaiingvesnismageuasiunismadeumaiuausaunsaum laalavinnis
NAFBUNAYINAU 20 30 40 50 waE 60 58U TUIULNINUIUAINDULSUAUWINAY 20 AIRBU
TIUAUAINDUTOUTIUNIAU 30 A1MBU A1SAINITAUNINIAY 30 Wasidud way

das1uSvansativingu 1.3 sananslalun1snan 4.10 sail



A1519% €.10 NSNARBUIIUIUTOUAITAUN

368

Al w
Y ITUIUTIUNITAUNN
ASN
20 30 a0 50 60

1 0.707647 0.707644 0.707632 0.707632 0.70766
2 0.707645 0.707645 0.707645 0.707632 0.707635
3 0.707644 0.707650 0.707642 0.70763 0.707644
4 0.707646 0.707633 0.707633 0.707632 0.707643
5 0.707649 0.707632 0.707635 0.707636 0.707656

ﬂ"lLaa‘lﬁl 0.707646 0.707641 0.707637 0.707632 0.707648

a

INAITNN

LY

LUUATYLTIUTUAIY

WMzaUEn

o [y

A1MIUNTIIBDNLUUANNTTEAT

b4

= d' A a dl i a s o as 1%
4.6 29M19197 1.10 LUBNINTUADNAINITIULNDIVDIDANDINUNITAUNAN

19@RYTAINLTIUSUAENY

Reulva w ndeniadesnign agldduiuAmeusuAUNmINzaNNgaLYiniU 20 A1neu

AN UTOUT I IVZaNIgAWITU 30 Amau ASAINTAUM ANz auNgaLviniy

30 Wosidusd dnsusuansallilnuzaniigaindu 1.3 LagdIuiuseunIsAuMImLIsay

figawi1iu 50 seU
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MeasBunlUswnsuNsmUANLs LTl nsswanswetyanaaeussuU i MasuaT e U

/% Ussmasentdauileaidunnsgiu library uazfiulsvesuasa DSP ¥/
#include "DSP28x_Project.h"
#include "DSP2833x_Device.h"
#include "DSP2833x_Examples.h"
#include <stdio.h>
#include <stdlib.h>
#include "IQmathLib.h"

#include "math.h"
#include "params.h"

7 daenmsldrunesauweusrdoniduilneaiiosumanumes */
#if (CPU_FRQ_150MHZ)
#define ADC_MODCLK 0x3
#endif
#if (CPU_FRQ_100MHZ)
#define ADC_MODCLK 0x2
#endif
#define ADC_CKPS  0x0
#define ADC_SHCLK 0x1
#define AVG 1000
#define ZOFFSET  0x00
#define BUF_SIZE 1024

/- faenilafidusing q fldou +
void InitEPwm 1Example(void);
void InitEPwm2Example(void);
void InitEPwm3Example(void);
interrupt void epwm1 _isr(void);
interrupt void epwm?2_isr(void);

interrupt void epwm3_isr(void);




371

interrupt void cpu_timer0_isr(void);
void Gpio_select(void);

Uint32 EPwm1TimerlntCount;
Uint32 EPwm2TimerlntCount;
Uint32 EPwm3TimerIntCount;
Uintl6 EPwm1 DB Direction;
Uintl6é EPwm2 DB Direction;
Uintl6 EPwm3 DB Direction;

/% fmuadn dead band Aldlunsadedyanas PWM vosaindleddiiv 6 ¢ +/
#define EPWM1_MAX DB 0x03FF
#define EPWM2_MAX DB 0x03FF
#define EPWM3_MAX DB 0x03FF
#define EPWM1 MIN DB 0
#define EPWM2_MIN_DB 0
#define EPWM3 MIN DB 0
#define DB_UP 1
#define DB_DOWN 0

7 dngilerdundnuagaednsng 4 vesuosa DSP */

void main(void)
{
InitSysCtrl();
EALLOW,
SysCtrlRegs.HISPCP.all = ADC_ MODCLK;
EDIS;
Gpio_select();
DINT;
InitPieCtrl();
I[ER = 0x0000;
IFR = 0x0000;

InitPieVectTable();
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EALLOW,;
EDIS;
/% amsinunesaueusdenduninea */
InitAdc();
AdcRegs. ADCTRL1.bit. ACQ PS = ADC SHCLK;
AdcRegs. ADCTRL1.bit.SEQ CASC = 1;
AdcRegs. ADCTRL1.bit. CONT_RUN = 1;
AdcRegs. ADCTRL1.bit.SEQ OVRD = 1;
AdcRegs ADCTRL2.all = 0x2000;
AdcRegs. ADCTRL3.bit. ADCCLKPS = ADC_CKPS;
AdcRegs ADCMAXCONV.bit. MAX_ CONV1=0xf;
AdcRegs ADCCHSELSEQ1.bit. CONVOO = 0x0;  //A0
AdcRegs ADCCHSELSEQ1.bit. CONVO1 = Ox1; //Al
AdcRegs. ADCCHSELSEQ1.bit. CONVO2 = 0x2;  //A2
AdcRegs ADCCHSELSEQ1.bit.CONVO3 = 0x3;  //A3
AdcRegs ADCCHSELSEQZ.bit. CONVO4 = 0x4;  //A4
AdcRegs. ADCCHSELSEQ2.bit. CONVO5 = 0x5;  //A5
AdcRegs ADCCHSELSEQ2.bit.CONVO06 = 0x6; //A6
AdcRegs ADCCHSELSEQ2.bit.CONVO7 = Ox7;  //AT
AdcRegs. ADCCHSELSEQ3.bit. CONVO8 = 0x8; //BO
AdcRegs ADCST.bitINT SEQ1 CLR = 1;
/% Wansleau ePWM */
InitEPwm1Example();
InitEPwm2Example();
InitEPwm3Example();
/% Earnsiawmesing q fidnsegneluuesn DSP ¥/
DINT,;
IER |= M_INTL;
PieCtrlRegs.PIEIERL.bit.INTX7 = 1;
EALLOW,;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 0;
EDIS;
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EALLOW;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 1;

EDIS;

EINT;
ERTM;

/% wdgunisvihanuldiaviaseuan v, v, V., L1, I V, Wag I, */
for(; X
Van=(Voltage VR1*0.0732601)-150;
Vbn=(Voltage VR2*0.0732601)-150;
Ven=(Voltage VR3*0.0732601)-150;
lan=(Voltage VR4*0.0138141)-28.2843;
Ibn=(Voltage VR5*0.0138141)-28.2843;
lcn=(Voltage VR6*0.0138141)-28.2843;
Vdc=(Voltage VR7%*0.0990183)-0.3689;
l0=(0.00736*Voltage VR9)-0.121;

/% msulasusaunaznseualnihaumalmdunsssuiagnseualniuuwnu of ¥/

Valpha=(ksqrt23)*(Van-(0.5*Vbn)-(0.5*Vcn))
Vbeta=(ksqrt23)*((0.866*Vbn)-(0.866*Vcn));

if (Valpha>=0)
if (Vbeta<0){theta=(atan(Vbeta/Valpha));}
if (Vbeta>=0){theta=(atan(Vbeta/Valpha));}

if (Valpha<0)
if (Vbeta>=0){theta=3.1415927+(atan(Vbeta/Valpha));}
if (Vbeta<0){theta=-3.1415927+(atan(Vbeta/Valpha));}

lalpha=(ksqrt23)*(lan-(0.5*Ibn)-(0.5*Icn))
Ibeta =(ksqrt23)*((0.866*Ibn)-(0.866*Icn));
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/% mswlasssnuasnseialufnanumauuwnu aﬁiﬂaguiuul,mu dg */
Vbusd=Valpha*(cos(theta))+Vbeta*(sin(theta));
Vbusg=-Valpha*sin(theta)+Vbeta*cos(theta);
lind=lalpha*cos(theta)+Ibeta*sin(theta);
ling=-lalpha*sin(theta)+Ibeta*cos(theta);

/% NSEUIUNSAIUANLUURN LRI ULSIiY ¥/

err_v= Vdcref-Vdc-(lo*Kd)+(lo*Kt)

Upv=Kpv*err_v;

Uiv=(Kiv¥(err v)*Ts)+Uiv_1;

lind_ref=Upv+Uiv;

if(lind_ref>10)
{

lind_ref=10;
}

if(lind_ref<-10)
{
lind_ref=-10;
}
/% NSEUIUNSATUALLUUN B URIUNTEUaULMNLA */
err_id=lind_ref-lind;
Upid=Kpi*err_id;
Uiid=(Kii*(err_id)*Ts)+Uiid_1;
Upi_id=Upid+Uiid;

/% NIPUIUNMITAIUANLUUNLBYRIUNSEULAUUMALAT */
err_ig=ling_ref-ling;
Upig=Kpi*err_ig;
Uiig=(Kii*(err_ig)*Ts)+Uiiq_1;
Upi_ig=Upig+Uiig;
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/% dnanAANURaNaInvULSIRULAEATILE ¥/
Uiv_1=Uiy;
Uiid_1=Uiid;
Uiiq_1=Uiig;
/7 avaeiielflunsAmnamdyaumues %/
Vbusd comp=-Upi_id+Vbusd+(ling*Lf*Wm);
Vbusq_comp=-Upi_ig+Vbusg-(lind*Lf*Wm);

/* nswUasdyaaniuaNuuLY dg leguuunu af */

M alpha=Vbusd comp*cos(theta)+ Vbusq_comp*(-sin(theta));
M beta=Vbusd comp*sin(theta)+ Vbusqg_comp*cos(theta);
M_0=0;

/% m3ulasdyanamuauuunny of iludyaramuauasma */
Ma=2/(Vdo)*(((kinvsqrt23)*(0.6667*M _alpha)));
Mb=2/(Vde)*(kinvsqrt23)%(-0.3333*M_alpha+0.5774*M _beta)));
Mc=2/(Vdc)*(((kinvsqrt23)*(-0.3333*M _alpha-0.5774*M_beta)));

Ma_compare=((Ma+1)*0.5);
Mb_compare=((Mb+1)*0.5);
Mc_compare=((Mc+1)*0.5);

Va = 3750*Ma_compare;
Vb = 3750*Mb_compare;
Vc = 3750*Mc_compare;

if(Va>3750)
{

Va=3750;

}

else if(Va<0)
{
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Va=0;

if(Vb>3750)

{

Vb=3750;

}

else if(Vb<0)

{

Vb=0;

}

if(Vc>3750)

{

Vc=3750;

}

else if(Vc<0)

{

Vc=0;

}

/% asndyen PWM Tngnsidseuiieudayaamivauannaiudyayiauiinives

Uasn DSP */

EPwm1Regs.CMPA. half.CMPA = Va;
EPwm2Regs.CMPA.half.CMPA = Vb;
EPwm3Regs.CMPA.half.CMPA = Vc;

/% NINTUNITVNUYDINDTH ePWM 1 */
void InitEPwm1Example()

{
EPwm1Regs. TBPRD = 3750; // Period = 1600 TBCLK counts
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EPwm1Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm1Regs. TBCTL.bit. CTRMODE = TB. COUNT _UPDOWN; // Symmetrical mode

EPwm1Regs. TBCTL.bit.PHSEN = TB_DISABLE; // Master module

EPwm1Regs. TBCTL.bit.PRDLD = TB_SHADOW,

EPwm1Regs. TBCTL.bit.SYNCOSEL = TB CTR ZERO; // Sync down-stream module

EPwm1Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW;

EPwm1Regs.CMPCTL.bit. SHDWBMODE = CC_SHADOW,

EPwm1Regs.CMPCTL.bit. LOADAMODE = CC_CTR_ZERQ; // load on CTR=Zero

EPwm1Regs.CMPCTL.bit. LOADBMODE = CC_CTR_ZERO; // load on CTR=Zero

EPwm1Regs. AQCTLAbit.CAU = AQ SET; // set actions for EPWM1A

EPwm1Regs. AQCTLA.bit.CAD = AQ_CLEAR;

EPwm1Regs.DBCTL.bit. OUT_MODE = DB _FULL _ENABLE; // enable Dead-band module

EPwm1Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC; // Active Hi complementary

EPwm1Regs.DBFED = 20;

EPwm1Regs.DBRED = 20;

}
/% MAFUMTTINNUTDINBSH ePWM 2 %/

void InitEPwm2Example()

{

EPwm2Regs. TBPRD = 3750; // Period= 1600 TBCLK counts

EPwm2Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm2Regs. TBCTL.bit. CTRMODE = TB_COUNT_UPDOWN; // Symmetrical mode

EPwm2Regs. TBCTL.bit.PHSEN = TB_ENABLE; // Slave module

EPwm2Regs. TBCTL.bit.PRDLD = TB_ SHADOW,;

EPwm2Regs. TBCTL.bit.SYNCOSEL = TB_SYNC_IN; // sync flow-through

EPwm2Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW,

EPwm2Regs.CMPCTL.bit. SHDWBMODE = CC_SHADOW,;

EPwm2Regs.CMPCTL.bit. LOADAMODE = CC_CTR_ZERQO; // load on CTR=Zero

EPwm2Regs.CMPCTL.bit. LOADBMODE = CC_CTR _ZERO; // load on CTR=Zero

EPwm2Regs. AQCTLA.bit.CAU = AQ SET; // set actions for EPWM2A

EPwm2Regs. AQCTLA.bit.CAD = AQ_CLEAR;

EPwm2Regs.DBCTL.bit.OUT_MODE = DB_FULL ENABLE; // enable Dead-band module
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EPwm2Regs.DBCTL.bit.POLSEL = DB ACTV_HIC; // Active Hi complementary

EPwm2Regs.DBFED = 20;

EPwm2Regs.DBRED = 20;

}

/% MATUNISVINUTDINDSH ePWM 3 %/
void InitEPwm3Example()

{

EPwm3Regs. TBPRD = 3750; // Period = 1600 TBCLK counts

EPwm3Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm3Regs. TBCTL.bit. CTRMODE = TB_COUNT_UPDOWN; // Symmetrical mode

EPwm3Regs. TBCTL.bit.PHSEN = TB_ENABLE; // Slave module

EPwm3Regs. TBCTL.bit.PRDLD = TB_SHADOW,;

EPwm3Regs. TBCTL.bit.SYNCOSEL = TB_SYNC_IN; // sync flow-through

EPwm3Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW;

EPwm3Regs.CMPCTL.bit. SHDWBMODE = CC_SHADOW,;

EPwm3Regs.CMPCTL.bit. LOADAMODE = CC_CTR ZERO; // load on CTR=Zero

EPwm3Regs.CMPCTL.bit. LOADBMODE = CC_CTR ZERO; // load on CTR=Zero

EPwm3Regs. AQCTLA.bit.CAU = AQ SET; // set actions for EPWM3A

EPwm3Regs. AQCTLA.bit.CAD = AQ CLEAR;

EPwm3Regs.DBCTL.bit. OUT _MODE = DB FULL ENABLE; // enable Dead-band module

EPwm3Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC; // Active Hi complementary

EPwmM3Regs.DBFED = 20;

EPwm3Regs.DBRED = 20;

}

/* flaidumssarmefadunauazioiavatuasa DSP ¥/
void Gpio_select(void)

{

EALLOW;

GpioCtrlRegs.GPAMUX1.all = 0x0000;
GpioCtrlRegs.GPAMUX1.bit.GPIOO = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIO1 = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIO2 = 1;
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GpioCtrlRegs.GPAMUX1.bit.GPIO3 = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIO4 = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIOS = 1;

GpioCtrlRegs.GPBMUX1.all = 0x0000;

// GpioCtrlRegs.GPBMUX2.all = 0x00000000;
GpioCtrlRegs.GPCMUX1.all = 0x0000;

// GpioCtrlRegs.GPCMUX2.all = 0x00000000;
GpioCtrlRegs.GPADIR.all = 0x0000;
GpioCtrlRegs.GPBDIR.all = 0x0000;
GpioCtrlRegs.GPCDIR.all = 0x0000;

EDIS;

}




