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Switched Control of Three-Phase Voltage Source
PWM Rectifier Under a Wide-Range Rapidly
Varying Active Load

Wei Zhang, Yanze Hou, Xinbo Liu, and Yuanjun Zhou

Abstract—The aircraft electric actuator is one of the most impor-
tant kind of electric loads of the future more electric aircraft. The
power characteristic of an aircraft electric actuator possesses the
feature of rapidly varying in a wide range, and it shows constant
power load nature in the small-signal sense. In this paper, a novel
dc-bus voltage switched control method of three-phase voltage
source pulsewidth-modulated rectifiers (VSRs), which aims to solve
the problem of flexible voltage regulating under dynamic loads, is
proposed under a cascade structure in rotating synchronous coor-
dinates d—gq. Several linear controllers are designed on different
operating points of the VSR, and one controller is implemented
on the VSR system according to certain switching law. The stabil-
ity of the proposed control approach is guaranteed based on the
common Lyapunov function method. Simulation and experimental
results show that the desired control performance is obtained in
the voltage regulating of a VSR with wide-range rapidly varying
load. Compared with a classical PI controller, the derived switched
controller can achieve a considerable reduction in the dip of the
dc-bus voltage and a certain reduction in the overshoot of the dc-
bus voltage during the control process under an aircraft electric
actuator load.

Index Terms—AC motor drives, ac—dc power conversion, power
conversion, power conversion harmonics.

1. INTRODUCTION

HREE-PHASE voltage source pulsewidth-modulated

(PWM) rectifiers (VSRs) possess many attractive features,
such as high power factor, nearly sinusoidal input current, and
bidirectional power flow ability [1], [2]. VSRs are increasingly
utilized as substitutes for traditional diode rectifiers and phase-
controlled rectifiers. Although they are widely used and studied
in many industrial applications nowadays, seldom applications
have appeared in the aviation industry. As more electric aircraft
(MEA) becoming the main trend for future aircrafts, there exists
a sharp increase of electric loads in the aircraft power system [3].
The aircraft electric actuator is one of the most important loads
of the future MEA and all electric aircraft power grid [4]. It is
a position-servo system that shoulders the task of driving the
aircraft control surfaces. Unlike the general electric loads, the
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aircraft actuators behave as constant power loads (CPLs). In
addition, during an action process of an aircraft actuator, the
input power would vary rapidly within a wide range. These load
characteristics bring significant challenges to the power source.
The advanced PWM rectifiers play an important role in these
aspects, due to more and more attention paid to the power qual-
ity and energy efficiency of the aircraft power grid. Therefore,
a further investigation on the VSRs is quite important for the
aviation industry [5], especially under an electric actuator load.

Extensive studies on the control of VSRs for desired perfor-
mances have been reported in the past decades [6]-[24]. The
results in controller design can be briefly classified into two
categories: linear design and nonlinear design. The classical
voltage-oriented control in rotating coordinates [6]—[10], which
is a linear design method, becomes a standard solution in indus-
trial applications [25]. However, with a linear controller, both
the stability and the performance of a VSR cannot be guaran-
teed under a wide-range rapidly varying load [26]. Nonlinear
control strategies have been extensively studied in the last few
years, e.g., feedback linearization strategy [18] and passivity-
based control methodology [21]. These proposed nonlinear de-
sign strategies present large complexity, so it is quite necessary
to develop a control method that achieves system stability, de-
sired performance, and simultaneously, easy to design.

Analysis and synthesis for switched systems have attracted
increasing attention in the control community. Switched sys-
tems are comprised of a collection of subsystems together with
a switching law that specifies the switching between the sub-
systems. Switched systems have a wide range of applications
in the physical and engineering systems, which are mainly due
to numerous practical systems exhibiting switched nature and
the growing use of computers in the control of physical plants.
In the aerospace field, many design problems can be viewed
as the analysis and synthesis of the switched system, such as
aircraft controller design, fault tolerant controller design, stabil-
ity analysis of spacecraft formation, angle of attack and normal
acceleration limiter design, and modeling and control of flow
systems (see [27] and references therein).

Focusing on wide-range rapidly varying characteristic of the
load and the background of industrial application, this paper
proposed a switched control strategy for the VSR based on
the concept of switched system. Several linear controllers are
designed for different operating points of the VSR, and cer-
tain controllers are selected according to the load resistance
value. The proposed control system is modeled by a sixth-order
switched linear system, and stability of the system is analyzed
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Fig. 1. Dynamic load profile.

by the common Lyapunov function method [28]. Compared with
existing nonlinear control methods, the proposed switched con-
trol strategy is simpler. Compared with linear control methods,
the proposed control strategy can guarantee system stability and
desired performance under a wide-range rapidly varying load.

II. CHARACTERISTICS OF THE ELECTRIC ACTUATOR LOAD
A. Dynamic Nature of the Electric Actuator Load

The aircraft electric actuators that drive the movements of
control surfaces of an aircraft are rapid position control systems.
The actuator load demands a short term, high peak power with
a fairly low steady state or background loading of less than
10% of the peak requirement. This obviously depends on the
particular application, and it is usually called the dynamic load
of the aircraft power grid.

Fig. 1 illustrates the dynamic nature of an electric actuator
load as it moves a surface from rest at one position to rest at
another position. There are three basic parts to the load cycle
[29].

1) Input of power to accelerate the motor and inertia of the

load.

2) Surface moving against the load (motor delivering speed

and torque).

3) Surface holding the load (motor delivering torque but no

speed).

From Fig. 1, it can be seen that the peak power of the electric
actuator reaches about 16 kVA, which is more than ten times of
the lowest power. In consequence, the actuator can be regarded
as a large signal disturbance to the voltage source.

B. Constant Power Nature of the Electric Actuator Load

Generally speaking, the electric actuator is not a typical CPL
because of the dynamic nature described in Section II-A. How-
ever, the system has the feedback control with the actuator po-
sition command supplied from a higher level control system of
the aircraft. The feedback makes the system behave as a typical
CPL in small time scales with small-signal negative resistance.
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AC/DC votage source PWM converter.

The value of the constant power drawn from the power source
only depends on the operating point within the operating cycle.
Hence, it can be treated as a special CPL. While an “ideal” CPL
can be modeled as the standard nonlinear model (i;, = P /v), an
electric actuator load can be expressed as iy, = P(#)/v. It means
that i;, would rise correspondingly if the dc-bus voltage of the
source falls with the rise of the output power, which may be a
vicious circle for the power source.

In conclusion, both the dynamic nature and the constant power
nature of an electric actuator make big challenges for the power
source. In the following discussion, a switched controlled three-
phase VSR with an “ideal” CPL, of which the dynamic response
is the same as that shown in Fig. 1, is designed and analyzed.

III. MODELING OF PWM CONVERTERS

A power circuit of the three-phase VSR is shown in Fig. 2. It
is usually assumed that a resistive load R, is connected to the
output terminal [24]. An improved linear state-space modeling
of a three-phase voltage source rectifier is [22]

. R. ‘ 1

lge = *que — Wide + Z(eqe - 'qu) (l)

y R . 1

lde = _sze + Wige + Z(ede - 'Ude) (2)
. 2 3ede . 3ege .
U= —RLCU + Ce ige + C(ff ige 3)
w=l, @)

where egq.c,%4q,c, and vy, represent the source voltage, the
current, and the rectifier input voltage in the synchronous d—q
reference frame, respectively,

R and L denote the line resistance and the input inductance,
respectively,

w is the source angular frequency,

vqc 1S the dc-bus voltage, and

R is the load resistance.

Note that in this paper, a variable resistor R(vq., Pr) is em-
ployed in order to simulate the CPL characteristic of the electric
actuator, and for a CPL we have

Ugl ¢ u

R(vae, Pr) = P "D (5)

where P, denotes the load power.
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Fig. 3. Proposed dc-bus switched voltage regulator.

Fig. 4. Classical linear P/ voltage controller.

Let R(vqc, Pr) replace Ry, in (3), and we get
. 2 36d,; i 3e e .
u = 75PL + Tld(j + quqe. (6)
Therefore, in this study, VSR under a CPL is modeled by (1),
(2), (4), and (6).
In fact, in dc circuits, we have

PL = UchL (7)
where i;, denotes the load current.
From (5) and (7), we get
Vdc
I
Therefore, R(vq4e, Pr) [or R(vq., I1)] is the input resistance
(the apparent resistance of the load) that can be calculated by

(8).

R(vdc, Pr) = R(vae, I1) = ®)

IV. SWITCHED CONTROL OF VSRS

In this section, a novel switched control method for three-
phase VSRs will be presented. The switched control method
aims at well regulation of the dc-bus voltage of VSRs under a
wide-range rapidly varying load.

A. Switched Control of the DC-Bus Voltage Regulator

Fig. 3 shows the structure of the proposed switched control
method. Different from the classical linear P/ voltage control
scheme that is depicted in Fig. 4 [14], there are a set of PI sub-
controllers in the voltage-switched control method. The gains
of different P/ subcontrollers correspond to different loads at
the dc link. In this study, the apparent resistance R(vqc, Pr)
[or R(vqe, I1)] is selected as the switching law that provides
guidelines to select a proper Pl subcontrollers when the load
changes. Besides, u is considered as the state variable instead

PI;

""""""""""""" 22
£
= 2
pL = <

o !

lde i

D ot
Fig. 5. Block diagram of the current controller with current forward feedback

decoupling network.

of the conventional state variable vq. [22], [23]. The variable
x4 denotes the output of the integrator of the PI subcontroller.
For a selected PI subcontroller i, the control law of the voltage
controller is

i, = K’Upi (U* - u) + Krlix47

qe

i=1,2,....n (9
(10

Ty =u"—u

where 7 is the number of the subcontrollers.

B. Current Controller

The current controller that consists of two PI controllers (P,
and PI3) is depicted in Fig. 5 [19], [25], [26]. In this control
scheme, the cross-coupling terms of wLiy, and wLiy. in (1)
and (2) are compensated by feedforward at the last stage of the
controller. In consequence, the g-axis current of iy, that is the
active current can be controlled independently on i;. and u (or
vﬁc), so can the reactive current igq.. The variables of ¢}, and
izg are the reference value of iy, and i,.. For unit power factor
when rectifying, i;, is zero and i, is set by the outer voltage
controller. Let the variables x5 and &; denote the output of the
integrator of P, and the output of Pl5, respectively, the control
law of PI5 is

&1 = Kip(ige —ige) + Kirxs (1D
B = ity — Gge. (12)
Similarly, the control law of P/ is given by
& = Kip(iy, — tge) + Kirag (13)
jjﬁ - Z:}g - idﬁ (14)
iy, = 0. (15)
The control law of the current controller is
Uge = —&1 + €ge — wlige (16)
vy, = =& + eqe + wlige. 17
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C. Closed-Loop Model of the System

Let @ = [ige,ide, U, T4, 5, 76)" denote a state variable
vector.

For different operating points : € Q = {1,2,...,n}, different
linear systems are first constructed.

{E:AZ.’E—f—bM, 16{17277,”}

- R+I'¢p I(LI)K1,'[7i A’:p K,ri K;
- RSK_ - e KO
0 - ‘ T = 0 0 0 Iil
. Beye Bege 0 0 0 0
f 0 0 -1 0 0 0
—1 0 _K'Upi Kv[i 0 0
L o -1 0 0 0 0

(18)
K; ':K'1 DL 2P, !

The detailed derivation is shown in the Appendix.

By selecting R(vqc, Pr) (or R(vgce, I)) Ry, as the switching
law o(t) — Q ={1,2,...,n}, a switched linear system asso-
ciated with the proposed switched control scheme is achieved

as follows:

By assuming that the synchronous d—gq reference frame is
aligned with the phase-A voltage of the supply, the d—¢g com-
ponents of the source voltage are expressed as

€de = 0
€ge = Em

where E,,, denotes the amplitude of the phase voltage.

ey

D. Stability Analysis

In Section IV-C, the switched control scheme has been de-
scribed by a switched linear system. In the sequel, the stability
analysis of such control scheme is performed by the common
Lyapunov function method.

Theorem 1: If there exist a positive definite matrix P, such
that linear matrix inequalities (LMIs)

ATP+ PA; <0 (22)

hold for every i € €2, then under arbitrary switching law, the
closed-loop switched linear system (20) is input-to-state uni-
formly bounded.

Proof: If linear matrix inequalities (22) hold, it can be readily
verified that V' (¢) = 27 Pz is a common Lyapunov function for
the autonomous switched linear system @ = A, ;)z. Thus, the
system @ = A, ;) is globally uniformly asymptotically stable
under arbitrary switching law [28].

Considering that the globally uniformly asymptotical stabil-
ity means that the globally uniformly exponential stability for
switched linear systems [28], by Lemma 1 in [30], it can be
concluded that the closed-loop switched system (20) is input-
to-state uniformly bounded under any switching law o (f).
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TABLE I
SPECIFICATIONS OF THREE-PHASE PWM BOOST RECTIFIER

Parameters Setting Value
Source voltage E,, (RMS) 115V
DC-bus voltage v, 270V
Line inductor L 0.5mH
Inductor resistance R 02Q
DC-bus capacitor C 2000uF
Line frequency o 800 7 rad/s
PWM carrier frequency 16kHz

Remark 1: In this study, the linear matrix inequality (22) is
solved by the related LMI commands in Robust Control Toolbox
of MATLAB R2007a. The programing is easy and the readers
who are interested in solving LMIs are recommended to read
the help documents of MATLAB R2007a.

V. SIMULATION AND EXPERIMENTAL RESULTS

This section applies the proposed switched control method
to design a VSR for an aircraft ac—dc converter in accor-
dance with the requirements of the HVdc system stated in
MIL-STD-704 F. The VSR was employed on an aircraft electric
actuator thatis a fast dynamic load. Simulation and experimental
results are presented.

A. Requirements of the System

A simulation system model based on Fig. 2 is constructed
with the specifications listed in Table I. According to the require-
ment of MIL-STD-704 F, normal steady voltage transient of the
270 V dc system shall be within the envelope of 280 and 250 V,
and ripple amplitude of the steady voltage should be less than
6 V.

B. Design of the Switched Controller

Since vq. and iy are measured by sensors, the apparent
R(vqe, Pr)lor R(vqc, I1,)] that is the switching law of the volt-
age controller, is calculated by (8). In this study, its variety
range is mainly within (4-95 ). Then, the range (4-95 Q) is
divided into three switching subranges (hence, we have n =3).
The parameters K;,, K;;, K,p;, and K, r; are listed in Table II.
Subcontroller 1, associated with R(vqc, Pr,) = (28 2, +00), is
selected when a low power load is connected. Subcontroller
2, corresponding to R(vgc, Pr) = (5 , 28 Q), which is cho-
sen when a middling load is connected, is the main controller,
because the load Ry varies mainly in the range of (5-28 ).
Subcontroller 3, associated with R(vq., Pr) = (0 ©, 5 Q, is
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TABLE II
PI PARAMETERS OF THE CURRENT CONTROLLER AND SWITCHED VOLTAGE CONTROLLER

Current controller K, = 20

Subcontroller 1: K . =0.002

wpl

Subcontroller 2: K, =0.005

Subcontroller 3: K, , =0.02

K, = 50

=003 R, (28, +»)
., =0.10 R, e(5,28]

., =010 R, €(0,5]

selected when the peak power takes place. The proportional co-
efficient of the subcontroller 3 is chosen large enough to achieve
rapid response.

C. Stability Analysis

Substituting the parameters listed in Tables I and I into matrix
A; of (18), it gives

A =1.0x10°
- —0.404 0 —0.0008 0.004 1.0 0
0 —0.404 0 0 0 1.0
§ 1.725 0 0 0 0 0
0 0 —0.00001 0 0 0
—0.00001 0 —0.00000002 0.0000001 0 0
L 0 —0.00001 0 0 0 0
Ay =1.0 x 10°
- —0.404 0 —0.0024 004 10
0 —0.404 0 0 01
" 1.725 0 0 0 00
0 0 —0.00001 0 00
—0.00001 0 —0.00000006 0.000001 0 0
L 0 —0.00001 0 0 00
Ay =1.0 x 10°
r —0.404 0 —0.008 004 10
0 —0.404 0 0 01
y 1.725 0 0 0 00
0 0 —0.00001 0 00
—0.00001 0 —0.0000002 0.000001 0 0
L 0 —0.00001 0 0 00

The three matrixes A, Ao, and A3 are Hurwitz stable. Further,
there exists a positive definite matrix P = 1.0 x 10° as shown at
the bottom of this page, satisfying the linear matrix inequalities
(22) such that the closed-loop switched system, corresponding to
the switched control system for VSR, has a common Lyapunov

function and thus it is uniformly input-to-state bounded under
arbitrary switching law.

D. Simulation Results

The rectifier system specified in Section V-B is modeled
in MATLAB/simulink with the aircraft electric actuator load
shown in Fig. 1. For the purpose of comparison, simulations
are performed for the proposed switched control scheme and
the classical linear P/ control scheme (the second dc-voltage
control method in [14]). The parameters of the three linear P/
voltage controllers PIy, Ply, and PI3, are the same as subcon-
troller 1, subcontroller 2, and subcontroller 3 listed in Table II.
The responses of the switched controller and the three linear P/
controllers PI,, Pl>, and PI; are depicted in Fig. 6.

Fig. 6(a) shows the response of the linear P/ controller P/, .
The starting-up response is smooth and fast with a small over-
shoot. However, the dc-bus voltage drops down to zero abruptly
as the load current climbs up rapidly, when the motor and load
inertia accelerates.

Fig. 6(b) shows the response of the linear P/ controller Pls.
Although the system could maintain stability during the whole
dynamic process, the dc-bus voltage falls obviously to about
229 V when the peak power occurs and increases to about 285 V
when the load power drops. Therefore, the disturbance rejection
ability of this controller is weak and it cannot meet the normal
voltage transient requirements of MIL-STD-706 F.

Fig. 6(c) shows the response of the linear PI controller
PI3. Due to the large proportional gain of the controller, only
small dip and peaking in output voltage are observed. How-
ever, there exist too many undesirable oscillations from 0.5 to
0.7 s. The maximum ripple voltage is larger than 6 V. Thus,
the response cannot meet the ripple amplitude requirement of
MIL-STD-706 F. Furthermore, a big overshoot appears in
power-up situations.

0.000026 0 0.0000002 —0.00000144 —0.0000892 0
0 0.00005929 0 0 0 —0.0000202
P=10x10° x 0.0000002 0 0.00000006 —0.0000005  —0.0000149 0
—0.00000144 0 —0.000000483  0.00020771  0.00615297 0
—0.0000892 0 —0.00001491 0.006153 6.68481867 0
0 —0.00002023 0 0 0 6.456299
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Fig. 6.

controller with the CPL.

Fig. 6(d) shows the response of the proposed switched con-
troller. It can be seen that a balanced and optimized dc-bus re-
sponse, which has an acceptable small ripple, little oscillations
during the dynamic process, and a neglectable small overshoot
in power-up situations, is achieved. The dc-bus voltage falls to
259 V at the peak load power and the largest overshoot appears
at 0.76 s to about 280 V when the load current drops. Therefore,
the system controlled by the switched control method meets the
requirements of MIL-STD-704 F.

E. Experimental Results

A prototype of the three-phase PWM rectifier, as shown in
Fig. 7, has been developed and some experimental tests have
been carried out. The configuration and the parameters of the
experimental system are the same as the simulation model. A
three-phase 400-Hz power source was used as the voltage sup-
ply, and three 0.5-mH line inductors are connected between the
supply and the rectifier. The rating of the used three-phase IGBT
module (PM100CSA120) is 100 A/1200 V. A 2000 pF/450 V
aluminum electrolytic capacitor is placed across dc bus. A DSP
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Responses of (a) classical linear P/ controller PIy, (b) classical linear P/ controller PI>, (c) classical linear P/ controller P/3, and (d) switched voltage

(TMS320F2812) is selected as the core controller. The supply
phase voltage is set to 115 V and the dc-bus voltage is set to be
270 V. PWM-carrying frequency is set to be 16 kHz. A 10-kW
electric actuator prototype, as shown in Fig. 8, is used as the
active load of the rectifier. Hall voltage sensors and hall current
sensors are used to measure the ac- and dc-side voltage and
current.

The VSR under the proposed switched controller and two
linear PI controllers (controller 1 and controller 2 correspond
to subcontroller 2 and subcontroller 3 in Section V-B, respec-
tively) is studied experimentally and shown in Figs. (9)—(11). In
case of unsafety of large current, experiments on subcontroller
1 were not done. Fortunately, the results are obvious because
the small proportional gain cannot handle the dynamic load.
Fig. 9(a) shows the experimental dc bus dynamic response of
the system under switched voltage controller. It can be seen that
there are only small ripples in the dc-bus voltage during the
whole dynamic process of the actuator. Fig. 9(b) illustrates the
experimental dc-bus dynamic response of the system for a linear
PI controller 1, the parameters of which is the same as the sub-
controller 2 in Section V-B. It can be seen in Fig. 9(b) that there
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Fig. 7.

Prototype of the PWM rectifier.

-

) . Laboratory platfogn

Fig. 8.

Ten-kilowatt electric actuator and laboratory platform.

is a huge dip of about 30 V when the peak load power occurs
and a big overshoot of about 15 V when the load power drops on
the dc-bus voltage. Fig. 9(c) illustrates the experimental dc-bus
dynamic response of the system for a linear P/ controller 2, the
parameters of which is the same as the subcontroller 2 in Sec-
tion V-B. It can be seen in Fig. 9(c) that undesirable oscillations
appear in the dc voltage, and it leads to oscillations in the load
current because of the CPL characteristic.

In steady state, the switched controller can achieve high power
factor and low total harmonic distortion (THD) on the ac side.
The input waveforms of phase-A in the ac side of the rectifier
under switched voltage controller are shown in Fig. 10. It can be
seen from Fig. 10(a) that the input power factor is almost unity
in steady state. Fourier analysis of this current shows that the
THD is 1.35%. In fact, the switched controller performs like a
linear PI controller in steady state due to the switching law.

The transient input current and voltage waveforms are shown
in Fig. 11. Fig. 11(a) shows the source voltage and input current
of phase-A in transient state for the switched voltage controller.
It can be seen that the power factor and THD are slightly influ-

10A/div

Stopped

(c)

Fig.9. Experimental results: dc-link voltage and load current for (a) switched
voltage controller; (b) linear P/ voltage controller 1; (¢) linear P/ voltage con-
troller 2.

Fig. 10.  Experimental results: source voltage and input current of phase-A in
steady state for switched control method.

enced. Fig. 11(b) shows the source voltage and input current of
phase-A in transient state for the P/ controller 1. It can be seen
that the power factor is influenced more seriously than that in
Fig. 11(a). Fig. 11(c) shows the source voltage and input current
of phase-A in transient state for the P/ controller 2. It can be
seen that the power factor and THD are influenced seriously.
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(c)

Fig. 11.  Experimental results: source voltage and input current of phase-A in
transient state for (a) switched voltage controller; (b) linear P/ voltage controller
1; and (c) linear PI voltage controller 2.

In fact, the input performance and the output performance of
the VSR are coincident. The big drop on the dc bus in Fig. 9(b)
responds to the decrease of the power factor on the ac side in
Fig. 11(b), and the big oscillations on the dc bus in Fig. 9(c)
respond to the decrease of the power factor and THD on the
ac side in Fig. 11(b). Under switched voltage controller, the
dc-bus voltage is regulated better in transient state, so are the
power factor and THD of the ac side. Experimental results show
that the performances of the proposed system comply with the
MIL-STD-704 F requirements.

F. Discussion

The simulation results and experimental results show that the
proposed switched control method has a desirable capacity of
regulating dc-bus voltage with a wide-range rapidly varying dy-
namic load, such as the electric actuator. Based on the proposed
method, a more than 50% reduction in the dip of the dc-bus
voltage and a 40% reduction in the overshoot of the dc-bus volt-
age are achieved compared with the classical linear PI VOC
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principle. At the same time, the input current power factor and
THD of the ac side are improved in transient state.

VI. CONCLUSION

In this paper, a new switched control method is introduced
to control the VSR. The proposed switched voltage control
approach could provide a simple, effective way to overcome
the problem of wide-range load regulation. Several linear con-
trollers are designed according to the derived switched voltage
controller for the VSR at different operating points and a certain
controller is selected by the apparent load resistance value. To
achieve better responses, one can increase the number of sub-
controllers of the switched regulator reasonably. Based on the
concept of switched system, the stability of the proposed control
scheme can be attained. Simulation and experimental results of
a switched controlled VSR with an electric actuator load show
that the presented switched control method has a desirable ca-
pacity of regulating dc-bus voltage with such wide-range rapidly
varying dynamic load.

APPENDIX

From (1) to (17), the control law of the system can be obtained
as follows.

Substituting (9) back into (11) and (12) yields two new equa-
tions as

gl = Kiqp (K’upi(U* - u) + K’L‘[i'r4 - iqe) + Kiqll‘5 (Al)

Zi’5 = Kij (u* — U) + K””ZL',l — ?;q(f. (A2)

Substituting (15) back into (13) and (14) yields two new
equations as

52 = _Kidpide + Kidfx(i (A3)

(A4)

i’G = 77;(1({ .

Substituting (A1) back into (16) yields the g-axis control
output
U:;e = —(Kigp (Kupi(u” —u) + Ky iy — ige)

+ Kiq[-TS) + €ge — wlige. (AS)

Substituting (A3) back into (17) yields the d-axis control
output

_(_Kidpide + Kid[mh‘) + €de + WLiqe- (A6)

Vde =

Considering the ideal condition, the effects of harmonics,
saturation, and transistor turnoff delays are neglected. In conse-
quence, the (A7) and (A8) are satisfied.

Vge = Uy (A7)
Ve = U, - (A8)
From (A5) to (A8), we get
Vge = —(Kiqp (Kppi (0" —w) + Ky1ixa — tge)

(A9)
Vde = _(_Kidpide + Kz'dlx(i) + €de — WLiqe~ (A]O)

+ K’iqle) + €qe — WLide
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Substituting (A9) back into (1) and (A10) back into (2), the
closed-loop equations of the system that can be rearranged in
the following form are yielded:

ige = — +L L e — qu P+ qu D,
Ki Ki Kvi *
+ qu T5 — qu Pl (A11)
R+ Kigp . K;
fie = =Ty =0 (A12)

Let @ = [ige, ide, U, T4, T5,26]] denote state variable vector.
From the aforementioned analysis, (6), (10), (A2), (A4), (A11),
and (A12) can be rearranged in the form of & = A;x + by, i €
{1,2,...,n}, where

_ B+ Kigp 0 Ky Kepi KigpKori Kigr 0
L ) L L L
0 7R+2ld]7 0 0 0 K,EH
Ai— S(’i 3ege 0 0 0 0
0 0 -1 0 0 0
-1 0 —K,pi K,ri 0 0
0 -1 0 0 0 0
Kigy Koy 2P !
b/’L: _%U*70,_TL,U*7KU},{,U*7O
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