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Abstract: In order to control the output power of a switched reluctance generator (SRG) at a con-

stant speed, the output power of SRG is theoretically analyzed by using freewheeling control. First,

through a theoretical analysis, a finite element simulation and an experiment, it was verified that

the output power of SRG cannot be improved by using freewheeling control with a single pulse con-

trol method (SPCM) . Then, the maximum output power can be obtained by optimizing the turn off

angles of SPCM at a constant speed, and at the same time, the formula of the optimal turn-off

angle was presented, which meets the criterion for the output power maximization. Finally, numer-

ical simulation and experimental results demonstrated the validity of the theoretical analysis.
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The simple structure without windings and
permanent magnets on the rotor, which has the
characteristics of low manufacturing cost and

03 make the switched reluctance

fault tolerance
machine (SRM) a viable candidate for hash en-
vironments and high speed applications, such as

[6-9

aerospace ™ automotive™ and wind power gen-

eration systems!'*%,

A number of studies have been carried out
to optimize the firing angles of the switched re-
luctance generator (SRG) in order to maximize
the generated power or generating efficiency. An
approach to control the firing angles of the SRG
operating at high speeds was presented in Ref. [13],
in which the optimal-efficiency turn off angle was
determined from a curve fitted by the speed and
power in single pulse control. In Refs. [14-15], the
optimal firing angles were calculated from formu-

las that depend on the rotor speed and dc-link
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voltage and manage a best balance between iron
and copper loss. The current chopping control
and single pulse control were adopted respect-
ively. In Refs. [16-17], an efficiency optimization
system based on an optimal current waveform
was presented. The control strategies for maxim-
izing the efficiency were presented in Refs. [18-19],
the behavior of the input control parameters was
analyzed first through exhaustive data collection
and it showed that the input control parameters
which minimize the dc-link current ripple also
maximize the generating efficiency, based on
which, the controller for minimizing the dc-link
current ripple was presented.

The freewheeling technique has been used in
Refs. [20-23]. In Ref. [20], the increased producti-
vity and output power were presented by using
an intermediate freewheeling mode in the single
pulse control method (SPCM). The freewheeling
stage based on the PWM control method was in-
troduced in Ref. [21], and the optimal set of turn
off, turn on and freewheeling angles were determ-

ined one by one in order to maximize the energy-
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conversion efficiency. The freewheeling interval
was evenly distributed around the turn off angle
in Ref. [22] to mitigate the dc bus current
ripples, in which case it was believed that the
freewheeling technique did not contribute to the
output power enhancement. In Ref. [23], free-
wheeling control method (FCM) was shown to be
helpful for the improvement of torque ripple and
dc current ripple. However, in this paper, the
freewheeling technique was considered to have
the capability to enhance the output power.

Whether using an intermediate freewheeling
mode in SPCM or not will not influence the max-
imum output power of SRG, which is proved in
the theoretical analysis and also verified with nu-
merical simulations and real-time experiments in
this paper. Therefore, the output power optimiza-
tion can be achieved just by optimizing firing
angles in SPCM at a constant speed. The contri-
butions of this paper can be summarized as fol-
lows.

Firstly, this study provided a theoretical
analysis to show that the intermediate freewheel-
ing mode in SPCM is unable to increase the max-
imum output power of SRG at a constant speed.
Secondly, it demonstrated that by optimizing the
turn off angle in SPCM, the output power can be
maximized for a certain turn on angle. Thirdly,
the formula of the optimal turn off angle for
maximizing the output power is provided. Both
numerical simulations and real-time experiments
have been provided, which well demonstrated the
validity of the proposed analyses and related for-
mula.

This paper is organized as follows. Section 1
describes the analysis of SRG operation in SPCM
and freewheeling control method (FCM). Section
2 presents the theoretical comparison of the two
methods, SPCM and FCM, on output power, the
formula of the optimal turn off angle for maxim-
izing the output power is also given in Section 2.
Numerical simulation and experimental results
are given in Section 3. Section 4 presents the con-

clusions.

1 Linear Analysis of SRG Opera-
tion

The voltage equation for each phase of SRG

is given by!*!

Upy = Ronipn + L, 9)% + e (D
where u,, is the external voltage, R, is the phase
resistance, the phase inductance L is the func-
tion of the phase current i, and the rotor posi-
tion @, and e,, = i,wdL(i,, 0)/d0 is the back elec-
tromotive force, where w is the angular velocity.

The typical waveforms of the idealized in-
ductance and phase current in the conventional
SPCM are illustrated in Fig. 1a. The flux is built
up from zero to its peak value, and energy from
the dc source and part of the mechanical energy
from the prime mover is stored as field energy in
the excitation interval t,—t;. In the interval t,—t,,
the stored field energy is released and mechanic-
al energy is directly converted into electricity en-
ergy, and the dc source acquires energy from
each phase without any cost when the induct-
ance is minimum. When the inductance is in the
positive slope, the rest of the field energy is de-
livered to the dc source and the prime mover.

In FCM, the freewheeling period, where the
phase is short-circuited, is implemented between
the excitation interval and the generating inter-
val, and the phase current in FCM is illustrated
in Fig. 1b. It can be seen from Fig. 1b that the
phase current keeps rising and the flux main-
tains constant in the freewheeling interval tm—t.m,
and the mechanical energy is converted into field
energy in this period.

Accordingly, the consumed and generated

electric energy of each phase can be written as

3 (tofr1)

B = | ugi (t)dt 2)
to
te

By = j Ui (£)dt (3)
t3 (to2)
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Fig. 1  Typical waveforms of the idealized inductance and phase current

When the external voltage wu, is constant,

the output power of the SRG can be obtained as

_ nE,  nU(Ss— Se)
‘Poul - N - N (4)

count count

where E, is the output electric energy of one
phase, n is the phase number, U, is the constant
dc source, N, is the cumulative number of
phase current within one electrical period and it
is constant at a constant speed. S; is the area un-
der the phase current in the excitation interval
and S. is the area under the phase current in the
generating interval, which are the hatched area
in Fig. 1.

The resistance drop can be neglected, assum-
ing ¢, is zero, the phase current in a complete
cycle of 360 electrical degrees in the two control

methods are derived as, respectively

Ut

Lo+ Kat Ostsh

Ut

I t, <t <t

Ut t, <t<t
L.+ t.wK —twK’ TR
1(t) = Lot () + U, (t, — 1)
Lo + Kwt, —twK '’ s tsts
w, t, <t <t
L.,

Lot (ts) = U, (t —t5) U (ts—t)

Ly — Kwty +twK L, — Kwt; + twK’
ts <t < it

(5

LO)4 w(©)
Ly, L
Ly Y
O Ol 0.0y D050, 0
i(?)
S
Se
Oto 4 L lylply 15 I t'
(b) Freewheeling controlled method
Ut
- 0<t<t
L, + Kwt’ D
Ugt
7 L <t<t
U t, <t <t
Ly + t,wK — twK’ N
Ustoffl

L. +t.wK—twK
i ()= (Lo + Kwit, — Kwit,,) i (tu2)’ b<t<ty
Ly + WK —twK
Ly (t) + U (ty — 1) U, (to — t)
Lo+ Kwty, —twK Ly, +t,wK — twK’
to St

w t, <t<t,
Lywi () — U, (t—t5) U, (ts —t)
L., — Kwty +twK L, — Kwts + twK’
ts <t <t
(6)

where K is the changing rate of inductance

versus rotor position.
2 Theoretical Comparison of the
Two Methods

Assuming that the turn on angles in two
methods are the same, the optimal turn off angle
in SPCM is denoted as 6,, the freewheeling angle
and the turn off angle in FCM are denoted as 6,,
and 6,, respectively. The three angles correspond
to the moments t,, t,, and ¢, respectively, be-
cause the SRG operates at a constant speed. As-
sume that when phase current extinguishes, the

inductance is less than the inductance at ¢,.
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The relationship between the relative posi-
tions of three moments ¢, t,, and t, can be di-
vided into five cases which are individually dis-
cussed as follows.

CaseIt, =t,

The waveforms of phase current in the two
control methods are shown in Fig. 2a. Appar-
ently, t1 = 2t,,, t2 =t + to, 12 = 2t,,.

The output power in SPCM where the phase

No. 4

current is denoted with the black curve is great-
er than that in SPCM where the phase current is
denoted with the purple curve, for ¢, is the mo-
ment corresponding to the optimal turn off angle
in SPCM. Accordingly, the following inequality is

satisfied.

S;+ 85, — 5, <28, 7)

denoted with the hatched are a

marked with the number ¢ in Fig. 2.

where S, is

i(f) A ; (1) A i(t
O i A 0 0
(RN )\ —
i(t3) AFR Lot Lo
1
0 tal t02 t4 tS té t% tﬁ t O . tt‘)lt.nz . tS tgtét!lw ; 0 tnl. tu .tt)Z ;
(a) Case I (b) Case 11 (c) Case III
i(t) i(t) Ai(t})
AV —
1} — o
l( 4) 3 E | — oty
ApfB T s I
2 i‘-\
p ! tol. ity X
0 f.fl’ i G ;0 T T
[
(d) Case IV (e) Case V

Fig. 2

According to Eq. (6), S, and S, at the inter-

vals t,, — t, and t; — ¢, respectively, are given by
mm (tQ))
S, = dt, t,<t<t
o j Lo + wK —twK ‘
L (i (1) = i (82))
Sso = min dt, t,<t<# (8)
32 j L. — Kth +itwK ’ ¢
Lo (i (82) = (£2))
Sm: min 1% 1 D2 dt, b, <t<t
| L + 1K — twK *
—i (1))
Sy = il dt, t,<t< (9)
* j Ly — Kth +twK ) °
where i (t1) = U, (ti —t) /L, for i =1,2,3.
Therefore, S,;, =S5,, and S,;, =S,,. Appar-

ently, S, is also equal to S, at the interval ¢, — t;.

Waveforms of phase current in the two control methods

Sy at the interval ¢? — ¢} and S, at the inter-
val t2 —t2 are small and nearly equal. Therefore,
the difference between S, and S, is just the area
S, at the interval ¢} —¢2, i.e.,

U, (t — 1)

Ss — 5, dt >
f L. — Kwty + twK
Uty —tn)’
A ° QL))
Ly — Kwits + t2wK

The area S, is nearly equal to the area of the

triangle formed by three points A, B and C, i.e.,

Us (to2 - t01)2

(1D
Lmax + t2U‘)K - to2(“}K

S, =

According to Egs.(10)—(11), the following

inequality can be derived
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Sy <85 =85, (12)
According to Egs. (7)-(12), S, is smaller

than S,. In other word, in this case, FCM cannot
enhance the output power.

Case Il t,, > t,

The waveforms of phase current in the two
control methods are shown in Fig. 2b, where t, is
the moment that the optimal turn off angle cor-
responds to in SPCM. It can be observed that
the output power in SPCM where phase current
is denoted with the black curve is greater than
that in SPCM where phase current is denoted

with the purple curve, i.e.,
Se < 28,4+ 85, — 5, (13)

According to the inference of case I, the out-
put power in SPCM where the phase current is
denoted with the purple curve is greater than
that in FCM where the phase current is denoted

with the red curve, i.e.,
S5 < S5+ Ss (14>
According to Egs. (13)-(14), the following

inequality can be derived
S; — 53 <25, +5,— 5, (15

Therefore, the output power in FCM where
the phase current is denoted with the red curve
is smaller than that in SPCM where the phase
current is denoted with the black curve, which
means, in this case, FCM cannot enhance the
output power, either.

CaseIll ¢, —t, =t, —t,

The waveforms of phase current in the two
control methods are shown in Fig. 2c. It is easy
to conclude that the area S, is smaller than S.,.
Therefore, in this case, FCM cannot enhance the
output power as well.

Case IV t, —t,, <t.—t,

The waveforms of phase current in the two
control methods are shown in Fig. 2d. t,, satis-
fies the equation t,—t, =t —t,. There exists
one point t,, between t, and t,, to make the phase

current in FCM where the freewheeling angle is

6, and the turn off angle is 6,, (the correspond-
ing moments are t, and t,, respectively) extin-
guish at t!, and meanwhile, satisfy the equation
to —t, = to» — t,3. The phase current in this FCM
is noted with the purple curve as shown in
Fig. 2d.

According to the conclusion in case I, the
output power in FCM where the phase current is
denoted with the purple curve is smaller than
that in SPCM where the phase current is de-

noted with the black curve, i.e.,
S5+ 5, <5 (16)

Evidently, the area S, is smaller than S,.

Therefore, the following inequality can be derived
S, < S, an

Considering the conclusion in case IlI, it can
be concluded that the output power in FCM
where the phase current is denoted with the red
curve is smaller than that in SPCM where the
phase current is denoted with the black curve,
therefore, in this case, FCM cannot enhance the
output power.

Case Vi, —t, >t,—t,

The waveforms of phase current in the two
control methods are shown in Fig. 2e. t,; satis-
fies the equation ¢, — t,; = t,, —t,, the phase cur-
rent in FCM where the freewheeling angle is 0,
and the turn off angle is 6,, (corresponding to the
moments t, and t,, respectively) also extin-
guishes at ¢!, which is denoted with the purple
curve in Fig. 2e.

According to the inference of case I, S, at
the interval t,—t, is given by

ty . .
L ) —i(t2
g [ L () =i ()
Ly +towK —twkK
to2

AR
Lo +t,wK —twK
to2

U; (t03 - tol) (t4 - to2)
Lmax + t2wK - tong

dt >

(18

S, at the interval t, — t; is given by
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512 :Us (tos _‘7271) (ts - t4) +

min
2

AR
L. — Kwt; +twK

ts
Us (t03 - tcl) (tg - t4>

Ly, — Kwts + 20K

dt >

(19

According to Eqgs. (18)- (19), the following

inequality can be derived

Us (tOS - tol) tol
Lo +wK —t,wK

Sll+512 > (20)

Apparently, S, satisfies the following in-
equality

. Ut (ts — tor)

Ly + twK — tawK
Ustol (toz - tol)

Ly + towK —t,wK

S <i () (tes — tor)

Q2D

S, at the interval ¢2 — t} approximately satis-
fies the following equality:

(]s (tos - tol)2

(22)
Ly — Kwts + 220K

1
513:5

S, is nearly equal to the area of the triangle

formed by three points A, B and C, i.e.,

Us (to?’_tol)
Lo+ Kwt,— Kuwt
S <{1( R WE = W °2)<Lmax+t2wKt‘,2wK
3

2 L + WK — t,wK

Us(toii - t01)2
Lmax + tQU}K - tOQWK (23)

1
(tos - tol) - 5

According to Egs. (20)-(23), the following

inequality can be derived

S, + 85, <5, 24>

Inequality (24) means that the output power
in FCM where the phase current is denoted with
the red curve is smaller than that in FCM where
the phase current is denoted with the purple
curve. Considering the conclusion in case III, it
can be concluded that the output power in FCM
where the phase current is denoted with the red
curve is smaller than that in SPCM where the
phase current is denoted with the black curve.
Therefore, in this case, FCM cannot enhance the

output power.

3 Optimal Turn off Angles in SPCM

It has shown that the freewheeling tech-
nique cannot enhance the output power of an
SRG. Therefore, SPCM can be directly applied
when the controller seeks the maximum power
generation.

The output power of one phase is equivalent
to the value obtained by calculating the time in-
tegral of phase current when SRG operates at a
constant speed, i.e.,

2

-Pi :KLJ ty —te +1t5 — 1, —t,+
9. In Ly + towK — thK+
L,
i In L,..— Kuwt, n L.+ Kuwt, In Lf“_
Kw L Kw L
(te, n L..— K wt5> In L. }—F
Kw L +tewK —t;,wK
2
g <2t3t5 — %ti — 2t + ;tj) -
Y- (25)
2L 2 1

The smaller the turn on angle, the larger the
output power, and there exists an optimal turn
off angle when the turn on angle is constant. Ap-
parently, the equation ¢, = 2t, is satisfied when
SRG operates in SPCM. Therefore, when the
turn on angle is constant, and the derivative of
expression (25) with respect to t, (correspond-
ing to the turn off angle) is equal to zero, the op-
timal turn off angle for maximizing the output
power can be derived, which needs to meet the
following condition:

I L I Lo ttowK—t,wK _
L +2twK —t,wK Lo
Kuwt, n K (wt; — wt,)
Ly + owK — t;wK L.

min

=0 (26

Considering that t, is zero, Eq. (26) can be
rewritten as

Lmin Lmax + 02K - eolI'K
n +1In -
Lmin + 2eoffl( - HSK Lmin
KO + K (95 — 94)
L+ 6K — 0K L,

—1

=0 Q7

where L., K, 0., 0,, 6; shown in Fig. 1a are the

intrinsic parameters of SRG.
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It can be seen from Eq. (27) that there is
only one optimal turn off angle when the turn on
angle is constant.

4 Simulation and Experimental

Results

An 8/6 SRG is used to verify the aforemen-
tioned conclusion and optimality condition. The
SRG operates with the dc-link voltage of 16 V
and the asymmetric bridge converter is used. Fig. 3
shows the magnetization characteristic of the
SRG used in simulation. Turn on and turn off
angles in SPCM are swept over a range in the
generating region within one electrical period at a
constant speed.

Flux linkage/Wb
SO
S} w ~

o
=

1.5 2.0 2.5 3.0 3.5 40
Current/A
Fig. 3 Magnetization characteristics of the 8/6 SRG in simula-
tion
The ranges of turn on and turn off angles

swept are presented as follows:

e 0, angles are swept between 19° and 35°
(mechanical) in 2° increments.

e 0, angles are swept between 30° and 57°
(mechanical) in 1° increments.

Fig. 4 shows the output power in SPCM nor-
malized by dividing them by the maximum value

obtained during the simulation.

1.0
— 0,,=19°
- — 0,,=21°
2 08f—g,=23°
g | o=
206
=]
=]
=]
% 04
=
E
z 0.2
0 1 1
40 45 50 55 60
Turn off angle/(°)

Fig. 4 Normalized output power SPCM

The orthogonal experiment design®!, which

is the method of designing the multifactor optim-
ization, is employed in FCM. A orthogonal table
L25(5% with six factors and five levels for the
normalized output power P between the turn on
angle 6,,, the freewheel angle 6;, and the turn off
angle 0, is made. The output power is normal-
ized by dividing them by the maximum value in
SPCM. Tab. 1 is the orthogonal table used in the

simulation.

Tab. 1  Orthogonal table in simulation 300 r/min

Test No. O/ () Ore/ () Ot/ (°) P/kW Test No. O/ (®) Ore/ (°) Ot/ () P/kW
1 19 50 51 0.952 14 25 53 51 \
2 19 51 52 0.993 15 25 54 52 \
3 19 52 53 0.990 16 29 50 54 0.467
4 19 53 54 0.939 17 29 51 55 0.501
5 19 54 55 0.842 18 29 52 51 \
6 21 50 52 0.858 19 29 53 52 \
7 21 51 53 0.891 20 29 54 53 \
8 21 52 54 0.881 21 33 50 55 0.300
9 21 53 55 0.826 22 33 51 51 \
10 21 54 51 \ 23 33 52 52 \
11 25 50 53 0.655 24 33 53 53 \
12 25 51 54 0.691 25 33 54 54 \
13 25 52 55 0.688

All the normalized output powers in Tab. 1
are smaller than 1, which means the output
power in FCM is smaller than that in SPCM.

The optimal turn off angles in the calcula-
tion and simulation are shown in Tab. 2. The in-

ductance parameters used in calculation is ob-
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tained through magnetization characteristics in
Fig. 3. It can be seen from the table, the calcu-
lated optimal turn off angles are nearly equal to
the optimal turn off angles in the simulation.

Tab. 2  Optimal turn-off angles by simulation and calculation

Optimal turn Optimal turn off angles

Turn on off angles by by simulation/ (°)
angles/ () calculation/ (°) 300 r/min 400 r/min 500 r/min
19 52 52 53 %
21 52 52 53 53
23 53 53 53 o
2 53 53 53 54
27 54 53 o4 o
29 54 54 54 54

In order to verify that FCM cannot increase
the output power of SRG, the SRG power gener-
ation experimental system is built. Fig. 5 shows
the block diagram of the experimental system.
The experimental system mainly includes dc mo-

tor, dc governor, switched reluctance generator,
half-bridge
power supply, DSP controller, drive circuit, posi-

asymmetric power converter, dc
tion detecting circuit, current detecting circuit
and so on. The machine used in experiment is a
370 W, 220 V, 8/6 SRG. A separately excited
600 W, 220 V dc motor controlled by SIMOREG
DC-MASTER 6RA70 drives the SRG. Fig. 6

shows the SRG system experimental platform.

Battery

&

A

Controller

» Converter
controller

Position |
detection |~

Current |
detecion [~

Fig. 5 Block diagram of the experimental system

Fig. 6 SRG system experimental platform

Fig. 7 shows the normalized output power at
a constant speed and a dc source in the experi-
ment. The lines in different colors indicate differ-
ent 6, in SPCM. The points denoted with the
pentagrams correspond to the operation points in
the orthogonal experiment table which is shown
in Tab. 3. The lines and the pentagrams in the
same color indicate the same 6, in SPCM and
FCM. All the output powers in Fig. 7 are di-
vided by the maximum value in SPCM.

It can be seen that each curve has a global
maximum, and for each turn on angle, the abso-

lute maximum output power connected with the

line is larger than that denoted with pentagrams.

Fig. 8 shows the phase current waveform
that can output the maximum power operation
point under the two control methods, where the
143.33 mV of CH2 channel corresponds to the
phase current of 1 A. Fig. 8a and Fig. 8e are the
SPCM currents, and Fig. 8d and Fig. 8f are the
FCM currents. It can be seen that although the
exciting current controlled by FCM may be lar-
ger than that controlled by SPCM, the integra-
tion of the generating current of FCM is not lar-
ger than that of SPCM. So FCM cannot increase
the output power of SRG.
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1.0
09+t
o)
208
a,
=
207
3
= 0.6
s
s 0.5
g —0,=29° 6,=21°
z 04F 70:::270 79:::190
0.3 0,,=25° 0,=17°
' el A i M
43 44 45 46 47 48 49 50 51 52 53 54
Turn off angle/(°)

Fig. 7 Normalized output power in experiment

Tab.3 Orthogonal table in FCM without invalid operation

points
Test No. Oon/ (°) O/ ©) Ot/ (©) || Test No. 0o/ (°) b0/ (©) O/ ()
1 15 46 47 9 17 49 51
15 47 48 10 21 46 49
3 15 48 49 11 21 47 50
4 15 49 50 12 21 48 51
5 15 50 51 13 25 46 50
6 17 46 48 14 25 47 51
7 17 47 49 15 29 46 51
8 17 48 50 16
LA 3 e il E AERY MW A3 i T AEES

e ——— c L Lot 1 Rl e e ]

& ST &
(b) 0,=17°, 0,=48°, 0,=49°

| S iiiid v« ——
(a) 0,,=17°, 0,=48°

B R R R e T R W R R e e |
e ; ! e T

L5 o @ i a

-, -, A el LR

& ST &
(d) 0,=21°, 6;,=47°, 0,,=50°

[ o Eie e
(¢) 0,=21°, 0,5=49°

AR Eia - e I L T 1 o e
—
o o o
|
— - 1o ] e e N

& ST &
) 6,,=25°, 6,=47°, 6,,=52°

fre

| S iiiid v« ——
(€) 6,,=25°, 0,,=50°

on

Fig. 8 Phase current waveforms of SRG under SPCM and
FCM control

5 Conclusion

Based on the theoretical analysis, it is shown
that using an intermediate freewheeling stage in

SPCM cannot increase the maximum output

power of SRG at a constant speed. However, by
optimizing the turn off angle in SPCM, the out-
put power maximization can be achieved for a
certain turn on angle. The formula of the optim-
al turn off angle which meets the criterion for the
output power maximization is presented. Both
numerical simulations and experiment results
demonstrated the validity of the provided theor-
etical analysis and the optimality condition for

turn off angle.
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