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ABSTRACT In this paper, a voltage regulation system based on indirect adaptive fuzzy (IAF) control for
doubly salient electromagnetic generator (DSEG) is proposed to improve the robustness of the system and
reduce output voltage ripple. The operating principle of IAF controller is described in detail subsequently
and the stability condition of the system is deduced by Lyapunov function based on the mathematical model
and working principle of the generator. Moreover, the selection method of parameters and control strategy
are determined with the adaptive fuzzy control law. Finally, a field-circuit coupling simulation model of
voltage regulation system for DSEG using IAF controller is constructed by finite element analysis technique
and transient solver of control circuit. The simulation results show that DSEG using IAF controller has good
static characteristics, high robustness, and low output voltage ripple.

INDEX TERMS Doubly salient electromagnetic generator, indirect adaptive fuzzy control, voltage regula-

tion system, field-circuit coupling simulation.

I. INTRODUCTION

Doubly salient permanent magnet machine (DSPM) [1] was
proposed by Prof. Lipo in the 1990s, which is similar to
switched reluctance machine (SRM) and inherits the merits
of simple structure, high efficiency and good robustness. For
higher power density compared with SRM, it is widely used
in motor drive system [2]. Although DSPM can work as a
generator, the flux produced by permanent magnets (PMs)
is difficult to be changed. So, output voltage of generator
can be regulated only by adding a PWM converter con-
nected with three phase windings of DSPM [3]. To over-
come above disadvantages, doubly salient electromagnetic
machine (DSEM) [4] and brushless doubly fed doubly salient
machine [5] were proposed by replacing PMs with dc field
windings. DSEM enhances the reliability in generating mode
since there are no power switches in main power circuit
and the magnetic field can be eliminated by cutting off the
field current as generator operates in faults. Meanwhile, dou-
bly salient hybrid excitation machine (DSHEM) was devel-
oped for less field windings and wider speed range [6].

Chen et al. [7] discussed flux regulation capability of differ-
ent DSHEMs when they operate in generating mode. While
Le et al. [8] analyzed doubly salient generators with dif-
ferent building magnetic field ways and gave a comparison
of their output characteristics. The studies show that DSEM
and DSHEM are suitable for running as generators for the
existence of dc field windings.

The control of voltage regulator is vital for doubly
salient generators. Though traditional output voltage feed-
back plus dc field current feed-forward control [9] can
improve dynamic characteristics of generator, the analog con-
trol solution is very sensitive to the parameters variation.
To improve robustness of the system, the sliding mode (SM)
control [10] was applied in voltage regulation system of
doubly salient electromagnetic generator (DSEG) and the
results verify good robustness and dynamic characteristics.
But it still has large overshoot of output voltage. In recent
years, the studies about fuzzy control exhibit that it has
excellent robustness in nonlinear systems and systems with
uncertainties [11], [12]. However, the main drawbacks of
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these approaches are lack of stability analysis mechanisms
in detailed fields, which limit their applications in engineer-
ing practice. So, some researchers combined fuzzy control
with other control theories to achieve better performance.
Attia et al. [13] proposed a genetic algorithm with fuzzy logic
controller to realize the adaptive control in the self-excited
induction generator. A direct adaptive control schemes with
fuzzy logic was proposed in paper [14] and this control
method has both merits of adaptive control and fuzzy control.
The similar control strategies have been applied in web-
based e-service systems [15], MIMO nonlinear systems [16],
affine nonlinear systems [17] and strict-feedback nonlinear
system [18].

DSEG is a strong electromagnetic coupling and high non-
linear system. For solving large overshoot and keeping good
robustness and dynamic performance, a voltage regulation
system based on indirect adaptive fuzzy (IAF) control is
performed. In this paper, IAF controller with Gaussian-
shaped membership functions based on the mathematical
model and operating principle of generator is proposed to
improve the robustness of DSEG system. Subsequently, the
selection solution of control parameters is given by Lyapunov
stability method. Finally, a field-circuit coupling simulation
model is built, and steady state and dynamic simulation
have been done to demonstrate that the voltage regulation
system of DSEG based on IAF control has lower voltage
ripple and stronger load characteristics compared with Fuzzy
PID control.
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FIGURE 1. The scheme of DSEG system.

Il. VOLTAGE REGULATION SYSTEM OF DSEG

As shown in Fig. 1, DSEG system is usually composed of
three components: DSEG, voltage regulator and three-phase
rectifier. Three phase windings are connected with three-
phase rectifier so that alternative current source outputted by
the generator can be turned into direct current source.

A. STRUCTURE AND MATHEMATICAL MODEL OF DSEG
Structure and finite element analysis model of 12/8 poles
DSEG are shown in Fig. 2 and corresponding parameters
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FIGURE 2. Doubly salient electromagnetic generator.

TABLE 1. Critical parameters of DSEG.

Stator outer diameter (mm) 172

Stator inner diameter (mm) 1114
Stator yoke height (mm) 10.7
Stator tooth height (mm) 19.6
Stator pole arc (°) 15

Rotor outer diameter (mm) 110.9
Rotor inner diameter (mm) 40
Rotor yoke height (mm) 16.2

Rotor tooth height (mm) 19.25
Rotor pole arc(®) 15

Stator and rotor material 1122
Length of shaft (mm) 60

Rated output voltage (V) 28.5
Rated current (A) 200
Turn-numbers/phase field windings 240
Turn-numbers/phase armature windings 8

are shown in Table 1. The name of each phase winding and
rotation direction of generator are defined in Fig. 2. The star
and dot signs separately represent for the current flowing into
and out of the windings. As can be seen from the structure,
every stator tooth is mounted with the concentrated windings,
and the stator coils with 90 mechanical degrees interval are
connected in series to form a phase winding. There are no
copper windings on the rotor, so DSEG is very suitable for
high speed running.

When armature windings of DSEG carry the current, phase
flux linkage will be constructed and corresponding expres-
sions are given as follows:

¥ = Wa Vo, Ve, ¥rlT (1

where ¥ is related to the rotor position and armature current.
The flux linkage will change with the variation of the rotor
position and armature current, so, electromotive force (EMF)
will be produced and its equation is given as follows:

dv do,

B dy dl dI
T do, dr

arar P Var

@

From above equation, inductive EMF consists of two parts:
one is transformer EMF, which is produced by the variation
of armature current. The other is rotational EMF and it is
induced by the variation of the rotor position.
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So, the terminal voltage of respective phase windings can
be described by the following equation,

u=E—RI 3

where 6, is rotational angle of the rotor; e, = [ey, €p, e, ef]T
represents for the EMF of each phase windings; I = [ig, ip,
ic, if]T are currents of each phase windings; u = [ug, up,
Ue, uf]T are terminal voltages of every phase windings.

Ly Lap Lae Lo R, 0 0 O
I — Lpa Ly Lpe Lpf R— 0O R, 0 O
Leg Lep Le ch ’ 0 0 R O
Ly L L Ly 0 0 0 Ry

are the inductance matrix and resistance matrix of different
windings in DSEG respectively.

B. VOLTAGE REGULATOR

From Fig. 1, voltage regulator provides the dc field current for
the field windings of generator, which consists of excitation
converter and the controller. Excitation converter contains
two MOSFETs and two diodes. The controller can generate
PWM signals to drive the switch Q, based on some kind of the
control law, and Q) is on all time. Meanwhile, The controller
also detects output voltage of generator and the field current
so that it can supply over-voltage and over-current protection.

IIl. IAF CONTROL STRATEGY IN DSEG
In order to analyze IAF control, we can make the assump-
tion that DSEG works in the following generating stage: the
diodes D; and Dg are on state and the current flows by the
windings of phase a and b, as shown in Fig.1.

Thus, the sampling value of output voltage, x|, derivative
of x1, xp and the charging current of the capacitor C,, i,
which can be expressed by following equations,

x1 = Bu, @
e _ B B w
X2 = ,BE = Colco = Co(la RL) 5)

where u,, is output voltage, 8 is the ratio, C, is filter capacitor
of generator and Ry, is the load resistor.

According to the working stage of the generator in Fig. 1
and neglecting voltage drop of phase resistance, we can get
the following equations,

di dip
Ug = €q — ad_:_LabE (6)
dip di,
=ep—Lp— — Lpg— 7
up = ep — Lp— ba @)
Ug = Ug — Up, g = —ij (8)

where u, and up, are the terminal voltages of phase a and b.
Considering Ly, = Lp, , We can acquire the expression of
the output voltage from Egs. (6)-(8),

diy,
o = eqp — (Lg + Lp — 2Lab)z 9
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So, the current of phase a,

i, = / _ CGabTHo (10)
Lo+ Ly —2Lap

Substituting Eq. (10) into Eq. (5),

X2=£</Mdt_“_v) (11
C, L,+ Ly, — 2Ly Ry,

So, the derivative of x; and x» can be expressed

%1 = Bduy/dt = x» (12)
. B < eab — Uy 1 >
X2 = — - Leo
Co \La+ Ly —2Lsy  C.RL
__« X Beap (13)

Cc,L C,R. ' GC,L

where L = L, + Ly — 2Lgp.

Remark 1: when the control law u* make the switch Q;
turned on, the field current rises and the output voltage of
generator gets increased. During this period, the rising rate of
the field current depends on the following equation,

di U —Ugi —Ug — ifRf
dt Ly

(14)

The corresponding derivative of x; is

XX Beay'

+
Co,L  CuRp C,L

X=X =- 15)

where egp ! represents for the rising EMF between phase a and
phase b when the switch Q> is on state.

when the switch Q> is turned off under the control law, u*,
the field current decreases and the output voltage of generator
gets reduced. At this time, the change rate of the field current
can be expressed by the following equation,

diy B Up1 + Upi1 + irRy

= 16
dt Ly (16)
The corresponding derivative of x; is
i 1
g =M X Beap (17

c,L C,R. ' C,L

where et refers to decreasing EMF between phase a and b
as the switch Q is off.
So, the state equation of DSEG can be described as follows,

y=x '
PR B Beap (18)
C,L C,R,  C,L
= f(x) + bou*

where x= [x1,x2]7, by = Beap/(CoL), u* is the control law
of the switch, Q,, which will affect e,p.
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A. DESIGN OF CONTROL LAW
From Eq. (18), we have the optimal control law
ut = l[551 —f()] (19)
bo
The control target is to make x; track the given reference
voltage signal y,, the error e, = y, — x1. If considering the
vector e,=[e,, ¢,]7, the second order differential equation of
the error is given by
é = §r — 5 (20)
Above equation shows the control object is a second order
system, and we assume that the second order derivative
expression of its error.

ér tkier + ke, =0 2D
According to Eq. (21), the characteristic equation of the
error is
S +kis+k =0 (22)
By choosing appropriate values of k1 and k>, which make
the roots of Eq. (22) in the left plane of the complex plane, the
system is stable (tlim e,(t) = 0). From Egs. (20) and (21), we
— 00
have second order derivative of x;

X1 =y +kier + ke, (23)
Substituting Eq. (23) into Eq. (19) yields
L. .
w = ol ki ke, — )] (24)

For f(x) is unknown, we can consider that design system
function estimation f (x|0) to approximate the real system
function f (x). According to the universal approximation prin-
ciple of the fuzzy system, we can construct the system func-
tion estimation f (x|0) as following:

Stepl, define the fuzzy sets of x; and xp, A L =
1,2,---,m) andA (Lh=1,2---,m), respectlvely.

Step2, using m; x my fuzzy collecnon IF-THEN rules to
construct the fuzzy system f (x|0), and that is

IF x; is A and x5 is A1 , THEN f(x|6) is El1’2;

Step3, Assume that the mean value of the fuzzy sets E/1/2
. L . . . s
is g °, using the product inference, singleton fuzzifier and
center-average defuzzifier, the output of the fuzzy system can
be acquired

33 "”Z(H wh ()

A h=1h=1 i=1
fxlf) = = (25)
Z Z (]_[ MA (x)
l| 1 lz 1 i=1
Considering _][) % is parameter, which belongs to the sets
[l m
0 € R=! |, meanwhile, constructing the following vector of
fuzzy basis functions
80 = (6100, £ by @1 (26)
1_[ ,"LA (x;)

i=1
mymp

Z Z (1_[ ,LLA (X))

L=1h=1 i=

where §, —1ymy+1, (¥) =
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Then, Eq.(25) can be expressed by
Fx16) = 6" x) 27)

where § = [61,6,,---
parameter vector.
So, from Eq.(24), we can get

, Omyxm,)’ and @ is an adjustable

1 N
ut = b_o[y, + kier + koe, — f(x]0)] (28)

B. STABILITY ANALYSIS
Substituting Eq.(28) into Eq.(19) and considering Eq.(20),
yields

ér = —kiéy — kaer +f(x10) — f(x) (29)

Eq. (29) can be written as below

ARSI

ol

+ [1} [f x|0) — f(x)] (30
. _ 1 _ T
Define v = —ky _k1i| and ¢ = [0, 1]", Eq. (30) can be
rewritten as vector form
ér = ver +clf (x]0) — f(x)] 31
Define optimal parameter

0" = arg mln[SUP f (x16) — f ()] (32)

0€Q xern

where 2y is the sets of 6.
Define the minimum approximation error

© = fx]0*) = f(x) (33)
Substituting Eq.(33) into Eq.(31), we can get
ér = ve +c[f (x]6) — f(x]6") + ] (34)

Considering Eq. (27), rewriting Eq. (34) as
ér =ver +cl(0 — 0" E(x) + o] (35)

Let us consider the following positive definite function as
a Lyapunov function candidate,

1 1
V= -elper+ -6 — 6570 — 6% (36)
2 2y

where y is a positive constant called updating coefficient, p is
the positive definite matrix satisfying the following condition,

vip+py=—q (37)

where ¢ is an arbitrary positive definite symmetric matrix,
then

. 1
V= _Ee’qur + eercw

+ %(e — 0710 + yel pct(x)] (38)
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Then, the adaptive law can be chosen as
0 = —yelpck(x) (39)

where y is the adaptive gain. Substituting Eq. (39) into
Eq. (38) yields

. 1
V= —zerqur + e,Tpcw (40)

Asgq > 0, w is the minimum approximation error and it can be
sufficiently small by designing enough fuzzy rules for fuzzy
system to meet |eerca)| < %e,qu, and V < 0.

The block diagram of IAF control for DSEG is shown
in Fig. 3.

Vr
+
- X -
Controlled object
. g . . X1, X2
X :f (x)+b0u » YTX1, Xo7X
e)’
Fuzzy Controller
u' =5 Haé e, of (xl0)]
0
) T
Initial value
0(0) Adaptive law
— e
0= -ye[ pcé(x)
FIGURE 3. Block diagram of IAF control.

1 . T T T T -
08} \“{f,'\ e //j;’/
0.6 ™ e
04t Y, "

02} Sl e
0 - Uy S
-3 -2 -1 0 1 2 3
X; (i=1 or 2)

FIGURE 4. Membership functions of x; (i = 1, 2).

C. PARAMETERS SELECTION
In this paper, the membership functions of x; and x, are
defined based on Gaussian-shaped membership functions
since they are helpful to acquire better robustness of the sys-
tem. The corresponding membership functions are given in
Eq. (41) - Eq. (43) and the diagram of membership functions
are shown in Fig.4.

Moreover, if sufficient numbers of the Gaussian-shaped
membership functions are used, control law can be well
approximated by 7 &(x) in nonlinear system.

p1 = exp{—[(x +3)/1.5]} (41)

12 = exp[—(x/1.5)%] (42)

3 = exp{—l(x — 3)/1.51) (43)

Thus, m; = my = 3, the variable ranges are x; € [—3, 3]
and x; € [—3,3]. The control parameters are k; = 2,

k = 1,q = [10,0;0,10], with Eq. (37), We can get
p = [15,5;5,5], So, pc = [5,5]". Choose y = 16,
We can get good simulation results.
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IV. FIELD-CIRCUIT CO-SIMULATION OF DSEG SYSTEM
Two field-circuit coupling simulation models for DSEG are
constructed, as shown in Fig. 5. Fig. 5 (a) exhibits the system
model based on fuzzy PID (F-PID) control, while the other
model based on IAF control is shown in Fig. 5 (b). The switch
Qg is always on, So the value of CONST1 is set to 1. The
switch Q is driven by PWM signals generated by F-PID
or IAF controller. In these models, the value of the supply
voltage source Uy is 60V.

(a)
—Iizs D, 7% Ds K J J
\ | B_out R,
L

Ds /N Ds/N D2 [N

[ca] g0

b K LI<Q, (‘9 INTGL.VAL]

H

:
[, }>INTGO.VAL
Nl

(b)

FIGURE 5. System simulation models of DSEG. (a) F-PID control.
(b) 1AF control.

In Fig. 5 (a), the values of K}, Kjo and Ky are 15, 10,
0.0025, respectively, and K1 = 2, K» = 2, K3 = 0.0005.
The membership functions of e,, é,, AK,, AK; and AKy
are shown in Fig.6. The fuzzy rules of AK),, AK; and AKy
are shown in Table 2, Table 3 and Table 4. Meanwhile,
these fuzzy rules can be described together by 49 conditional
statements “If - - -, then - - - ”’, which are written in the model
“EQU”.

1. If (e, is NB) and (é, is NB), then (AK, is PB)
(AK; is NB)(AK is PS)

2. If (e, is NB) and (¢, is NM), then (AK, is PB)
(AK; is NB)(AKy is PS)

3. If (er is NB) and (é, is NS), then (AK, is PM)
(AK;is NM)(AK, is ZO)

49. If (e, is PB) and (e, is PB), then (AK, is NB)
(AK; is PB)(AK, is PB)
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NB NM NS 7o PS PM PB

0

-6 -4 -2 0 2 4 6

FIGURE 6. Membership functions of e, e, AKp, AK; and AKy.
TABLE 2. Fuzzy rules of AKp.

AKp €r

ér | Z0 | PM | PM PS 70 NS | NM | NM

AK; er

é- | ZO | NM | NM | NS 70 PS | PM | PM

TABLE 4. Fuzzy rules of AKy.

So, according to the inputs of fuzzy controller, e, and ¢,
the values of AK,, AK; and AK; can be determined by
above fuzzy rules and centroid defuzzification. Otherwise,
The model “I”” and “D” in the Fig. 5 (a) represent integral
and differential calculus.

The detailed steps to construct IAF control law are illus-
trated in Fig.7. Firstly, define and initialize variables in
“ICA”, then programming to acquire membership functions
of x1 and x; in “EQU”, we can get &(x) from Eq. (26); Next,
we acquire Su, from voltage of R», the error, e, can be got
by y, minus Bu,; Considering y = 16 is a positive constant
and pc is the last column of p, we can get the adaptive law
0 according to Eq. (39). There are 9 elements in 9, thus,
we need 9 integrators I;~Ig to acquire the value of 6, then,
fuzzy control law u* can be acquired according to Eq. (28).
Finally, PWM driving signal of switch Q can be generated by
comparing u* with the triangular waveform with the constant
frequency. In order to prevent the value of u* beyond the range
of the triangular waveform, we need limit the output of the
control law by the limiter, and the value of the model, “limit”,
is £1.8. In Fig. 5(b), the value of CONST2 and GAINI is
0 and 0.001, respectively, and the amplitude range of the
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Define and initialize variables:
the membership functions of x;: g5 (x1)~u3(x1)
the membership functions of x;: 15 (x2)~3(x2)
variables: FS(1)~FS(9), FSD1~FSD9, FS, FX.

l«—ICA

Programming to acquire
ES(Ly=p1 (1)1 (x2)s FSQ2)=1(x1)Xpta(x2) 5
FSQ)=(x1)u3(x2), FS@)=pa(x1)ui(x2),

FS(8)=p3(x1)xpta(x2), FS(9)=3(x1)*3(x2),
FS=FS(1)+FS(2)+-FS(9)

& (0)=FS(i)/FS

e/ pc=5e,+5¢,

|

|

|

|

|

|

|

|

|

|

|

|

' FSDI1=-yxe, pcxFS(1)/FS,
: FSD2=-yxe! pexFS(2)/FS,
|
|
|
|
|
|
|
|
|
|
|
|

6,=FSD1
6s=FSD9
A 4
I]~19
INTG1.VAL=6,
INTG9.VAL=6,
y

FX=INTG1.VALXFS(1)/FS+INTG2.VALXx
FS(2)/FS+++-+INTG9.VAL*FS(9)/FS

|
|
|
|
|
|
|
|
|
|
|
FSD9=-yxe] pcxFS(9)/FS, |
|
|
|
|
|
|
|
|
|
|
|

| w=tki<éthaxe FXyby |

FIGURE 7. Block diagram of IAF control.

triangular waveform is —1.975 to 1.975 while the frequency
is 10kHz. From Eq. (18) and considering e,, = 28.5V,
B =0.1,C, = 0.04F and L = 0.04H, then bg is 1781.25. In
order to make the output value of control law fall within the
range of the triangular waveform, the value of coefficient k is
set to be equal to the value of by, and k = 1781.25.

A. STEADY STATE ANALYSIS

Load characteristics of the generator at the speed of
4200r/min is shown in Fig. 8. Under the same load increment,
the voltage drop under IAF control is apparently smaller
than one under F-PID control, which means that IAF control
has stronger robustness and influence of load disturbance on
generation system is relatively smaller.

Meanwhile, we also show the output waveforms of critical
parameters at the load current of 200A under IAF control
strategies, as shown in Fig. 9. As can been seen from the
output voltage waveforms, we can know that the value of
output voltage is about 28.5V, which can track the reference
voltage very well. Otherwise, output voltage ripple under
IAF control is only 0.7V, which implies that IAF control has
excellent steady state response performance.

B. DYNAMIC STATE ANALYSIS

Dynamic performance test is very important for DSEG sys-
tem. Considering the rated output voltage of DSEG is 28.5V,
the simulation waveforms under different controls with the
load current increased suddenly form SOA to 200A or reduced
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=
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FIGURE 8. Load characteristics at the speed of 4200r/min.
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0.00 oo —2070p w0 —a0é00 k0 2mm00
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200.00 11000

0300 20400 20600 20800 21

ico/A
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1.00

0.00

u*M/V

-1.00

-2.00 .
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1.00 F
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0.20

0.00 £ .
295.00 296.00

297.00 ; ns 298.00 299.00 300.00

PWM

297.00 ¢ /ms 298.00 299.00 300.00

FIGURE 9. Output waveforms of critical parameters under IAF control
(n = 4200r/min, I, = 200A).

suddenly from 200A to 50A at the speed of 4200r/min have
been shown in Fig. 10 and Fig. 11. The corresponding data is
shown in Table 5. In the Table, AU, represents for the voltage
variation with load changed suddenly, #, is recovery time and
m is the number of oscillation;

Seen from the waveforms and data, whenever the load
increased or reduced, recovery time and variation of output
voltage under IAF control is longer and larger than one under
F-PID control. While output voltage ripple under IAF control
is smaller than one under F-PID control.

Remark 2: Since the parameters of the controller under IAF
control is deduced by Lyapunov stability theory, the steady
state performance under IAF control exhibits better. While it
takes longer to calculate IAF control law from Eq. (28), the
dynamic performance under IAF control is worse than one
under F-PID control.
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2850
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9000 10000 11000 12000 13000 T80.00
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FIGURE 10. Dynamic waveforms under F-PID control. (a) /o from
50A to 200A. (b) /o from 200A to 50A.
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50A to 200A. (b) /o from 200A to 50A.

V. CONCLUSIONS
In this paper, a voltage regulation system based on IAF con-
trol for DSEG has been proposed, and stability analysis and
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TABLE 5. Dynamic characteristics tests (n = 4200r/min.).

Control mode | AUL(V) [ If(A)
I, from 50A to 200A

F-PID 1 3.6 7.5 — 135 1 20
IAF 158 7.5 — 135 1 100
I, from 200A to 50A
F-PID 153 135 —-75 | 2 25
IAF 172 135 > 175 1 100

[ m [ tr(ms)

the coefficient selection method of IAF controller have been
carried out. Then, field-circuit coupling simulation models of
DSEG based on F-PID control and IAF control have been
constructed. Moreover, we can draw following conclusions
by comparing the results under F-PID control with ones under
IAF control.

(a) Output voltage drop under IAF control is smaller than
one under F-PID control with the same load increment in
steady state, which proves that IAF control has better robust-
ness; Moreover, the generation system under IAF control also
acquires good steady state characteristics;

(b) Output voltage ripple of generator under IAF control is
smaller than one under F-PID control;

(c) During dynamical tests, recovery time and voltage
variation of output voltage under IAF control are longer and
larger than ones under F-PID control.
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