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This paper presents an analytical modeling method of optimal control variables to maximize output
power for switched reluctance generators (SRGs) in single pulse mode operation. This method extends
the basic theory of the Stiebler model and utilizes the flux linkage function to express the inductance
model of SRG. In this paper, the optimal phase current shape of SRG for maximum output power is
investigated to determine optimal control variables based on phase current model. The expression of
phase current in this paper that is in terms of control variables is solved using the basic equation of
phase voltage based on inductance model, and then the characteristics of phase current and the energy
conversion relations are analyzed to determine optimal shape of phase current. Furthermore, the
expressions of phase flux linkage, rms phase current, and phase torque based on the proposed phase
current model are presented in this paper to know the trend of main electrical losses. Results from
analysis show that the switched reluctance generator with the optimal control variables can produce
maximum output power and the shape of phase current in this case is flat top. Simulation and
experimental results are presented to verify the proposed method.
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1. INTRODUCTION1!

Switched reluctance generator (SRG) is the potential
candidate in various applications, such as automotive
starter/generator [1, 2], engine starter/generator [3, 4]
and variable speed wind energy [5] because of its
simple structure, low cost, fault tolerant with a rugged
structure, easy starting/generating realization, high
speed adaptability, and high generation efficiency.
Highly nonlinear nature is main problem of the SRG,
therefore the behavior of the SRG cannot be described
by mathematical equation using conventional methods
for a suitable controller design [6]. The SRG model is
used to simulate to find the relationship between output
power and control variables since there is no analytical
equation for finding the output power based on design
parameters and control variables [7]. The dynamic
model of SRG using cubic spline technique has been
proposed to find the flux linkage, inductance, torque,
and output power [8]. The model SRG based on FEM
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and power control methods for the small wind power
generation system have been proposed in the literature
[9]. The SRG model is used to find the output power
curve versus shaft speed. This curve is analyzed to
determine the optimal switching on-off angle for
maximum efficiency of system.

Output power of SRG in single pulse mode can be
controlled by adjusting excitation angles, turn-on/off
angle is fixed while turn-off/on angle is adjusted, or
adjusting both turn-on and turn-off angles. The constant
output power control of the SRG has been proposed by
controlling the turn-on angle with the fuzzy logic
algorithm while the turnoff angle is fixed [10]. The
optimal excitation angles for output power control using
automatic closed loop control have been proposed that
the optimal turn-off angle in terms of power and speed
is determined from an analytical fit curve [11], while
the optimal turn-on angle is automatically adjusted
based on the closed loop power control to regulate the
output power. The optimal excitation angles for
maximum system efficiency calculated by the ratio of
two flux linkages have been proposed [12]. The
minimum torque ripple occurs in this case. For two flux
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linkages, one is the position which stator and rotor pole
corners begin overlap and the other one is the position
at maximum value. A modified angle position control
(MAPC) method has been proposed to determine the
optimal shape of the phase current [13]. The optimal
turn-on angle is fixed and the optimal turn-off angle can
be determined by the analytical model of SRG for the
maximum energy conversion [14, 15].

In  mathematical model for analyzing control
variables and describing behavior of SRG, the flux
linkage versus current characteristics calculation is the
essential knowledge. At least, there are two methods to
obtain flux linkage versus current characteristics;
simulation approach based on Finite Element Method
(FEM) and experimental approach based on direct
measurement. The flux linkage model based on FEM is
well known for its reliability, however it requires
intensive computation and many details of the machine
geometry and structure [16]. The analytical nonlinear
models of flux linkage have been described in some
works [17-20] that are accurate and reliable. The model
based on machine geometry introduced in the literature
[17] is complicated that depends on flux linkage at
aligned and unaligned positions, and a position
dependent function. The position dependent term has a
physical significance that its coefficient needs to be
related to the machine geometry. The model proposed
by Roux and Morcos [18] is little complex because the
flux linkage curve is divided into 2 parts, linear and
nonlinear parts. However, it only requires the flux
linkage versus current characteristics at the aligned and
unaligned positions. The model described by Chi et al.
[19] based on Fourier series with limited number of
terms is complex since it is necessary to know the flux
linkage versus current characteristics at the aligned,
unaligned, and midway positions. The coefficients in
terms of Fourier series depend on the flux linkage
positions at aligned, unaligned, and midway that the
flux linkage at aligned and midway positions can be
calculated via curve fitting based on an arc-tangent
function. The Stiebler model proposed in the literature
[20] is simple that is composed of an angular function,
aligned and unaligned flux linkage. However, it is
proposed in per-unit system.

In this paper, an analytical modeling method of
optimal control variables to maximize output power for
SRG in single pulse mode is presented. This method
extends the basic theory of the Stiebler model and
utilizes the flux linkage function to express the
inductance model in real system. The expression of
phase current in terms of control variables proposed in
this paper is solved from the basic equation of phase
voltage based on inductance model. The control
variables comprise a DC bus voltage, a shaft speed or
angular velocity, and excitation angles. The optimal
shape of phase current is analyzed to determine the
optimal control variables based on the phase current

model. Furthermore, the equations of the flux linkage,
rms phase current, and torque based on the current
model are proposed to know the trend of the main
electric losses. The 8/6 SRG experimental setup is used
to verify the proposed method

2. PRINCIPLE OF SRG IN SINGLE PULSE MODE
OPERATION

A 4-phase 8/6 SRG is used in this paper which is driven
by a 4-phase asymmetrical bridge converter as shown in
Figure 1. When Saand S,- are both on, the phase A
voltage is y. When Saand S, are both off, the phase A
voltage is .

The mutual inductance between individual phases of
the SRG is usually neglected. Therefore, the equation of
voltage for each phase of SRG is expressed as the
voltage equation at constant speed which is given by:

U = Ri+ 340.9) o
dt

The voltage equation at constant speed is given by:

U:Ri+L(9)$+e (2

where u represents the DC bus voltage, i is the phase
current, R and L are the phase of resistance and
inductance, respectively, @ is the angular velocity, and
the back emf is defined as:

ezipt(h0)
00

The energy converted is the area enclosed by the loci
which is expressed as:

w=§ﬁdi=§idﬁ @)

®

The SRG requires an excitation source in order to
generate electrical energy. The SRG (phase A) is
excited by the asymmetrical bridge converter as shown
in Figure 2. This of the SRG through two switches as
shown in Figure 2 (bottom) and demagnetizing the same
phase through two diodes as shown in Figure 2 (top). In
Figure 2, the current builds in the SRG phase winding
when the controllable switches are closed. In this
duration, no energy is supplied to the load. When the
controllable switches are opened, the store field energy
is supplied to the load through the two diodes.

n

—l_ PhaseB J_w

el

Figure 1. 4-phase asymmetrical bridge converter
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E
Figure 2. Power generation process for the SRG in single
pulse mode

The average load current can be defined as:

1 [ %
I, = idg -
" 2z/N J

Tid 9} ©)

where turn- 8y, and turn- 0, angles represent the
controllable switches which are closed and opened,
respectively, 6. is angle at which phase current is
depleted and it is given as 2 Oq - 6oy, 0 is the rotor
position and N, is the number of rotor poles. The
average electric power of the SRG is the summation of
output power of each phase in one revolution which is
given by:
P =1..U (6)
The main electrical losses of a SRG are copper loss
and iron loss. The copper loss P, depends on the rms

phase current I, in the range 04 < 0 < 6, [21] which is
expressed as:

IANCY

Pcu = N phI rzms,R (7)
1 %
_— i’do
rms 27[/Nr g;[ (8)

The iron loss is proportion to the excitation magnetic
motive force and the stroke frequency. It is not
uniformly distributed in the core since flux shape is
non-sinusoidal and a flux harmonic spectrum differs in
various parts of the magnetic. The iron loss [22] can be
approximately calculated as:

P =K, B3 + K, f?B2 (9)

where F is the stroke frequency, K, and K. are the
hysteresis and  eddy-current loss  coefficients,
respectively, a and b are the constant of exponent, and
B, is the amplitude of flux density for sinusoidal
variation. The control variables of the SRG are the DC bus

voltage u , the angular velocity ®, the phase current i , and

turn on/off angle 6.,/ 6. The Angle Position Control
(APC) method can control the phase current shape by
adjusting the 6,, and 6. while u and @ are constant.
The output power can be adjusted by the phase current.
The advantages of the APC method [13] can be
described as follows: the optimal 8,, and 0. can
improve efficiency, the multiple phases can be
conducted at the same time, and the torque adjustment
range is wide.

3. PHASE CURRENT SCHEME

The effect of 6,, and O, on the phase current shape
using the APC method is illustrated in Figure 3. The 0,
is fixed and O is adjusted as shown in Figure 3(a). The
0of IS fixed and 0,, is adjusted as shown in Figure 3(b).
The resistance of the phase windings, the voltage drop
of the main switches and diodes are neglected, the
voltage in Equation (2) can be expressed as:
. OL(1,0)

U= a)L(H)ﬂ+a)
deo 00

(10)
The maximum value of the phase current in Figure 4 is
in the range O, < 0 < 6,.The 6, equals to ( (B, + Bs) /2)
where B, is rotor pole arc and fs is stator pole arc.
Consider that in Equation (10), if the back emf is

smaller than the DC bus voltage, then di < 0. Phase
dé
current shape in this case is shown in Figure 4 (a). If the

back emf is equal to the DC bus voltage, then di - o,
dé

In this case, phase current shape is shown in Figure

4(b). If the back emf is bigger than the DC bus voltage,

then di >0 and phase current shape is shown in Figure
de

4(c).

i
1(e) —
\&
i

L, BRs
« 6,' ]

on  Oop1Opatn 6, B, Gy 63

(a) Oon is fixed and O is adjusted

N
gonlgonleorﬁ 6@' ep 6.9.0

e3el el
(b) B is fixed and 6,, is adjusted
Figure 3. Phase current shapes using the angle position
control method
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From Equation (9), the iron loss depends on the
maximum of flux linkage. The maximum value of flux
linkage in Figure 4 can be known that occurs on the 0.
The copper loss depends on rms phase current that can
be known by calculating in Equation (7).

The energy conversion loops for 3 kinds of i and A
by the loci are shown in Figure 5. The maximum output
power can be produced when the phase current is
controlled in shape of the flat top (Figure 4(b)). This
result has been confirmed the validity by Yu et al. [23].

— : — — ¢
-7/ N, —Qp ‘90?’3 0 Hoﬁ gpeg /N,
(a) Back emf is smaller than DC bus voltage
""""""""""""""""""" ”mmc
Imrrc
L, N
~@/N, =6, &y 0 L 6, 6, @/ N,
(b) Back emf is equal to DC bus voltage
I‘Q’
-/ N, —Sp 8, O 501? ﬁp 8, /N,

(c) Back emf is bigger than DC bus voltage

Figure 4. 3 kinds of phase current and flux linkage at
different turn-on and turn-off angles with the same maximum
value of the phase current

A
(a) — — —
— —
= | o g
= (c)y -=-==-mm= -
2 7= TR
£ S
E 7 /
= -~ -
— e
2] -~
= -
— I
— st -
o Phase Current (A E-mczr z

Figure 5. Energy conversion loops by the loci with the same
maximum value of the phase current
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Figure 6. Magnetization curve of a SRG

4. ANALYSIS OF OPTIMAL CONTROL VARIABLES

The optimal shape of the phase current in single pulse
mode operation for maximum output power is the key to
determine the optimal control variables. From Equation
(10), the phase inductance model is a significant factor
to find the phase current equation. The flux linkage
function in per unit system proposed by Stiebler is
developed as the inductance model in real system. The
proposed model of the inductance in this paper is the
real system which requires the geometrical parameters
of a SRG at aligned and unaligned rotor positions.
These parameters are easy to know using the
experiment or the FEM. The parameters are inductance
at positions of aligned La and unaligned Lu , and flux
linkage at points s and m as shown in Figure 6.

In Figure 6, the flux linkage function at aligned rotor
position is given as Equation (11) that is developed
from the Stiebler model. This flux linkage is composed
of linear and saturated regions. The saturated region
begins at point s and finishes at point m. The flux
linkage of the saturated region can be known by a

! _where a and b are constant
a-+bi

as a slop and intercept [24]. The constants of a and b
can be determined by substituting the A, is of the point
S Aam im OF the point m into a Froelich function.

Froelich function A =

A3,0) = Lui+(La—Lu)a+imf(9) (11)

where k is the effective overlap position of stator and
rotor poles, and the angular function can be given as:

T
H(0)= 05+ 0.5(:05(9

ek ],—G’k <0< HK (12)
0

To verify the proposed method, an 8/6 SRG is used to
analyze to find its geometrical parameters using FEM
that its specifications are shown in Table 1.

The relationship between the flux linkage and
current at rotor position 0°, 15° 30° obtained by FEM
are shown in Table 2. The parameters obtained from
FEM for calculation in this paper consist of L, = 480
pH, L,=44pH ,6,=30°%a=0.95b=0.186. Figure 7
shows the result of magnetization curve at rotor position
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0°, 15°30° obtained from the analytical model (11)
compared with the FEM which demonstrates the
validity of the proposed model.

TABLE 1. Specifications of the candidate SRG

Parameter Value
Outer diameter of stator 145 mm
Inner diameter of stator 63 mm
Stack length 63 mm
Number of phases 4
Pole Arc 24 degree
Number of stator/Rotor poles 6/4
Voltage 46 V
Power 2.2 kW
Speed 5500 rpm

TABLE 2. The analysis results obtained by FEM

Current Rotor Position (Mech. Degree)
wH o= 15° =
~ b s 3 2=
so | | g | s |
» 3 3 ] : .
-~ ! - ] ’ K=
a0 | 12 il | [} :|
» . ¥ | o S,
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30 | | (s ] |t i |
~ d - Z % 3
o . e T i
20 1 iR i
» . F - .
PR 3
10 1 | | | | | |
iy . >
0.018
Rotor Position (Mech. Degree)
0.018 0 Math. Model
16 oo FEM
0.014 30

Phase Flux Linkage (Wb)

40 50

0 10

20 30
Phase Current (A)
Figure 7. Magnetization curve of the candidate SRG at rotor

position 0°, 15° 30° obtained by the analytical model and
FEM
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u
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L

u

_ U(@*@OH) _
L, +(i) £(0)

1)

a+bi

u(g, - 0) (14)

et _
R
_“+(a+bij ©)

IS

Based on Equations (13) and (14), the phase flux
linkage can be known by:

A(i,0) =L(i,0) (15)

The phase inductance is much more, comparing with
the mutual inductance, therefore the mutual inductance
is neglected [25, 26]. The phase inductance model is
proposed in this paper which is divided into three
regions based on Equation (11) depending on phase
current and rotor position which can be expressed in
Figure 8.

Figure 8 depicts phase inductance of the candidate
SRG obtained by the proposed analytical model
(Equation (13)) and FEM that the characteristics of the
phase inductance versus current and rotor position
closely match each other. The phase current model can
be known by solving Equation (10) based on Equation
(13) which can be expressed as:

(@+bi)f (B)+bf (O)(L, ~L,) f (@)i+ Lb+c
[0}
(2bL, +b)(a+bi)?

T(i,&):%i?%:ua L)

(16)

In Figure 4, the maximum value of the phase current
occurs on 6 whichis inrange g, <6 <@,. So, the

maximum value of the phase current can be given as:

— u(, - o)
im[Lu +[L‘L] f (e)] an
a+bi,,
6X 10"
0, ‘
= Math. Model Phase Current (A)

FEM

o)

Phase Inductance (H)
w

-%0 -6, -20 -10 0 10 20 g 30
P Rotor Position (Mech. Degree) 4

Figure 8. Phase inductance of the candidate SRG obtained
by the mathematical model and FEM
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Then, the maximum angular speed is given by:
W _ u(ee _0)

o [Lu +(La L jf (e)] 18)
a+Dbi,,,

In order to obtain the optimal control variables, the
phase current shape in Figure 4(b) is used to analyze.
The phase current shape in this case is a flat top that the
maximum value exists in the interval 6u to 6,. If 6 =
Oofr, the maximum value of phase current based on
Equation (14) is:

L u(@,, -6,

max1
ol L, + La-b 1cos [ z (19)
a+bi,,, 2 2 "0,
If 6 = 6, the maximum value of phase current based on

Equation (14) is:
u(26,; —6,,—6,)

imaxz =
a){LU +( L. - L, ][1 += 1 COS[@ JH (20)
a+bi, \2 2 6,

Since imaxt IS equal to inaxe , the optimal turn-on angle
can be calculated by substituting imay: iNt0 imax.

—ﬁ
T a+bi, 1)
T
f,(0)=0.6+0. 6cos( 0]
f,(6) =0.61+0.6cos [ g] (22)
(L, - L, )sm[e ]:z(ujek(a+bimax)
6, w
0, . . 2u6, .
Ouy =i (w;r(La - I_u)(a+b|maX)J (23)
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Figure 9. Schematic layout of the experimental setup
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5. SIMULATION AND EXPERIMENTAL RESULTS

To verify the proposed method, the 8/6 SRG system is
used. A 3-phase induction motor is used as the prime
mover that its speed is controlled by an inverter.
Parameters of the SRG are shown in Table 1. A battery
rated 12V 120A amount 4 pieces is used as the constant
DC bus voltage u. The results indicate that the actual
output power can be good for tracking variations in the
command power, and that the dwell angle will be stabilized
eventually. The control system is shown to have good
dynamic performance. The average torque Tm of the prime
mover is measured by a rotational torque transducer which
is connected between the prime mover and the SRG. Shaft
speed or angular velocity @ and aligned position are
detected by a resolver mounted on the SRG. The SRG is
driven by a 4-phase asymmetrical bridge converter that
excitation angles are created by a TMS320F28027.

Load resistance, equal to 1.25Q, is used as the resistive
load. Figure 9 shows the schematic layout of the
experimental setup that the mechanical input power can be
calculated by:

Fo =Tho (24)
The efficiency of the system is defined as:

POUt
=2 (25)

where output power is the electrical output power and
input power is the mechanical input power.
In this paper, parameters used to analyze comprise L, = 44
HH, L= 480 uH, P, =25°, P, =24° a=0.70, b =0.186.
In the control scheme, the strategy consists of
optimizing off q , and adjusting on q when the SRG is
operated at a high speed. Figure 11 gives the
relationship between the efficiency and off g. In the
simulation, the source voltage is 150V, and the speed is
3000 rpm. Taking the selection range of on q in the
practical application consideration, off q is selected at
46°. Figure 12 gives the experimental results of the
relationship between the efficiency and the current
shape. In the experiment, the source voltage is 150V,
and off g and end q are fixed at 42° and 53.3°
respectively. From Figure 14, it can be easily seen that,
the system efficiency is at its maximum when off end i =
i. In other words, at the same output power, the flat-top
wave of the current corresponds to the maximum
system efficiency when the SRG is operated under the
rated speed. In addition, comparing the results of
Figures 12 and 13, it is not difficult to see that the
results of Figure 12 are larger than that of Figure 13
even though the conditions are the same. The reason is
that only the copper and core losses are considered in
the simulation. However, in the experiment, the
switching loss and mechanical loss are also included.
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6. CONCLUSION

In this paper, an analytical modeling method of optimal
control variables to maximize output power for SRG in
single pulse mode is proposed. This method extends
the basic theory of the Stiebler model and utilizes the
flux linkage function to express the inductance model
in real system wusing a Froelich function. The
expression of phase current in terms of control
variables is proposed in this paper that is solved using
the basic equation of phase voltage based on
inductance model. The 3 kinds of phase current shape
in single pulse mode are investigated that the optimal
shape of phase current is flat top. The optimal phase
current shape is used to determine the optimal control
variables. In this paper, the optimal control variables
can be known by calculation from the proposed
analytical model in Equations (21)-(23). Furthermore,
the equations of the flux linkage, rms phase current,
and torque based on the phase current model are
proposed to know the trend of the main electric losses.
The results indicate that the flat-top current shape
corresponds to the maximum efficiency when the
output power is the same. The proposed control
scheme has a good dynamic response, can be used over
a wide speed range and is easy to accomplish. The 8/6
SRG experimental setup is used to verify the proposed
method. Based on the experimental results, the SRG
can generate the maximum output power and the phase
current shape is flat top all cases when the SRG is
controlled with the optimal control variables. The
output power obtained from the measurement and
analytical model is different with an average of 3.49%.
This result demonstrates the accuracy and reliability of
the proposed method.
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