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Dong-Hee Lee, So-Yeon Ahn and Jin-Woo Ahn
Dept. of Mechatronics Engineering, Kyungsung University
Republic of Korea

1. Introduction

High speed drive systems are much interested in the industrial application such as blower,
compressor, pump and spindle due to the compact size and high efficiency. In recent, the
demands of high speed drives are much increased due to the mechanical advantages of high
speed system. SRMs (Switched Reluctance Motors) have simple structure and inherent
mechanical strength without rotor winding and permanent magnet. These mechanical
structures are suitable for harsh environments such as high temperature and high speed
applications. Although SRMs have many advantages for the high speed applications, high
torque ripple is still main problem to be applied to a high speed drives.

SRM(Switched Reluctance Motor) has been researched in last 150 years. However,
significant amount of attention to this motor type was given in last few decades thank to the
development of microcontrollers, power semiconductors and CAD technology. But
compared with other motor, SRM cannot be operated without inverter. Therefore, it is
suitable for variable speed application because inverter is essential.

SRM is a doubly salient machine because both the stator and rotor have salient poles. Flux is
created by concentrated stator winding only. There are no permanent magnets,
commutators, and windings in rotor side. So, SRM has simple and robust rotor structure
that is very important in high speed application because centrifugal force is very high when
rotor rotates at high speed. Due to a simple structure at the stator and the rotor, SRM can
compete with other types of motor. And because SRM has only the windings at the stator,
SRM achieves high efficiency especially in high speed region. With these advantageous
features, SRM deserves to be investigated and it is good candidate for high speed drive
systems in particular.

Fig. 1. Applications of a high speed drive.
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88 Advances in Motor Torque Control

2. Switched reluctance motor (SRM)

The SRM is an electric machine that converts the reluctance torque into mechanical power.
In the SRM, both the stator and rotor have a structure of salient-pole, which contributes to
produce a high output torque. The torque is produces by the alignment tendency of poles.
The rotor will shift to a position where reluctance is to be minimized and thus the
inductance of the excited winding is maximized. The SRM has a doubly salient structure,
but there are no windings or permanent magnets on the rotor. The rotor is basically a piece
of steel (and laminations) shaped to form salient poles. So it is the only motor type with
salient poles in both the rotor and stator. As a result of its inherent simplicity, the SRM
promises a reliable and a low-cost variable-speed drive and will undoubtedly take the place
of many drives now using the cage induction, PM and DC machines in the short future. The
number of poles on the SRM’s stator is usually unequal to the number of the rotor to avoid
the possibility of the rotor being in a state where it cannot produce initial torque, which
occurs when all the rotor poles are aligned with the stator poles.
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(b) Output torque vs phase current

Fig. 2. SRM drive system.
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Fig. 2 shows a general SRM drive system. With a constant phase current, the ideal phase
torque is produced according to the square of current and inductance slope of the motor.
Two basic equations of an SRM can be derived in terms of phase voltage and torque as
follows.

di . dL(O,,i)

v=R-i+L(0,,,1) —+ o 1

O )y 1= g0 (1)
1 ., dL(e,,,i)

T =—.jc.——1m’ /| 2

m 2 dG |l—constunt ( )

rm

where, R: resistor of phase winding. 8, : rotor position, @.: rotor speed, L(0,,,1): inductance
is linearly varying with rotor position for a given current. However, the torque
characteristics of SRM can be improved by the rotor and stator design.

Fig. 3 shows the various type of 4/2 SRMs. The modified types which have a staggered gap
rotor pole surface, air teeth and air hole types of rotor pole are introduced.

(a) Conventional type (b) Staggered gap type (c) Air teeth type
Fig. 3. Various type of 4/2 SRM.

Due to magnetic nonlinearity in an SRM, the phase inductance is nonlinear with respect to
rotor position and phase current, and hence, constant torque profiling for torque ripple
reduction is difficult compared to conventional AC motors such as PM and induction
motors.

2.1 Mechanical structures

Constructions of SRM with no magnets or windings on the rotor also bring some
disadvantage in SRM. Since there is only a single excitation source and but also magnetic
saturation, the power density of reluctance motor is lower than PM motor. The construction
of SRM is shown in Fig. 4. The dependence on magnetic saturation for torque production,
coupled with the effects of fringing fields, and the classical fundamental square wave
excitation result in nonlinear control characteristics for the reluctance motor. The double
saliency construction and the discrete nature of torque production by the independent
phases lead to higher torque ripple compared with other machines. The higher torque
ripple, and the need to recover some energy from the magnetic flux, also cause the ripple
current in the DC supply to be quite large, necessitating a large filter capacitor. The doubly
salient structure of the SRM also causes higher acoustic noise compared with other
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machines. The main source of acoustic noise could induce the radial magnetic. So higher
torque ripple and acoustic noise are the most critical disadvantages of the SRM.

Front cover

Rotor core
Ending Stator care

COMET

Encoder

Fig. 4. The construction of SRM.

The absence of permanent magnets imposes the burden of excitation on the stator windings
and converter, which increases the converter kVA requirement. Compared with PM
brushless machines, the per unit stator copper losses will be higher, reducing the efficiency
and torque per ampere. However, the maximum speed at constant power is not limited by
the fixed magnet flux as in the PM machine, and hence, an extended constant power region
of operation is possible in SRM.

2.2 Torque and torque ripple

The torque ripple of the SRM is divided to three parts. The first source is from the inherent
torque ripple due to the mechanical and magnetic structure. Single-and two-phase SRMs
have inherent torque dead-band due to an absence of the torque over-lap region between
phases. Fig. 5 and Fig. 6 show the output torque according to the phase current in
conventional single-and two-phase SRMs. As shown in Fig. 5 and 6, the positive torque
region has dead-band from the inherent magnetic structure.

(a) Single phase SRM (b) Two-phase SRM
Fig. 5. Mechanical structure of single and two-phase SRMs.

www.intechopen.com



Advanced Torque Control Scheme for the High Speed Switched Reluctance Motor 91

positive I, L, positive I, L

Inductance

Inductance

- - . Hnn - . . Hm,
§ Iy Iy g byxe Iy
9 © | | |
¥ - orque 1:11( ¥ Toe  dead-band T
§ g dead-band § E I | l
Hm ngﬂ 017" 91-. Hqﬂ Hnn
(a) Single phase SRM (b) Two-phase SRM

Fig. 6. Inductance, current and output torque of single and two-phase SRMs.

In order to overcome the inherent torque dead-band, asymmetric SRMs are investigated.
These types have wide positive torque region with a short negative torque region, and are
useful in an unidirectional application such as blowers and fans. For the single phase SRM,
hybrid type using permanent magnet is researched. The inserted permanent magnet can
produce cogging torque during torque dead-band. However, the torque of the inserted PM
poles cannot be controlled, so it has high torque ripple but smaller than a conventional
single-phase SRM. In two-phase SRM, rotor pole shapes can be changed to extend the
torque region, and the inductance has asymmetric characteristics shown in Fig. 7.
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(a) Stepper rotor type SRM (b) Inductance, current and torque characteristics

Fig. 7. Uni-directional 4/2 SRM with torque overlap.

As shown in Fig. 7, the stepper rotor type has a wide rotor pole arc that produces torque
overlap between two phases. In order to extend positive torque region, the inductance has
asymmetric characteristics shown in Fig. 7(b), and is useful for an unidirectional application.
It can remove torque dead-band, but torque ripple during stepper region is much serious.
To reduce the torque ripple of stepper region, optimization design process can be adopted.
From these research results, the inherent torque dead-band can be reduced.

The other is from the non-linear characteristics of inductance and un-constant torque by the
constant current due to the saturation effect. Although the output torque is proportional to
the inductance gradient, the inductance gradient is not constant. The inductance has non-
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92 Advances in Motor Torque Control

linear according to rotor position due to the saturation effect. So, the constant phase current
cannot guarantee a constant torque shown as Fig. 8. In the compact size motor, flux
saturation is essential. So, the output torque ripple is different according to the load
condition.
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Fig. 8. Non-linear torque from the saturation effect.

In order to reduce the torque ripple from the saturation and non-linear characteristics,
advance torque control scheme is required. In the next chapter, the detailed torque control
schemes will be explained.
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Fig. 9. Torque ripple from the tail current.

One reason of torque ripple is negative torque due to the tail current. The output torque of a
phase is changed by the inductance slope. If the phase current is extended to the opposite
torque region, the current produces the opposite torque. In the high speed or heavy load
condition, the phase current is not extinguished in the same torque region, and the extended
tail current produces negative torque as shown in Fig. 9. When the turn-off angle is
controlled to remove the tail current, negative torque can be removed. However, the tail
current is much serious in the high speed application due to a short commutation time. In
order to reduce the negative torque effect, additional torque compensation algorithm and
boost converter with a high negative demagnetization voltage have been researched. If the
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turn-off angle is much advanced to reduce the tail current, the effective torque region is
much decreased with low efficiency and low output torque. The boost converter which can
supply the high excitation and demagnetization voltage can reduce the commutation time,
and it is useful to remove the tail current.

3. Torque control schemes

Various torque control schemes are investigated for the efficiency and torque ripple
reduction. The torque control of SRMs is classified by three categories : on/off angle control,
current control and direct torque control. The on/off angle control and current control
schemes are simple and don’t use any torque estimation. For a better performance, current
control scheme uses on/off angle changing according to the load condition. In these control
schemes, they didn’t consider non-linear characteristics. So, the output torque of SRM is
dependent on the saturation effect and inductance characteristics.

Fig. 10, 11 and 12 show the phase current and output torque of on/off angle control, current
control and current control with on/off angle controller. The on/off angle control scheme
uses a single pulse voltage during turn-on and-off angle (dwell angle). As shown in Fig.
10(b), the output torque is controlled by average value during dwell angle , and PWM
switching is not used. So, the switching loss is very small compared with the current control
scheme, but the output torque has large ripple. In the Fig. 10(a), the torque of phase A is
controlled by turn-on angle controller, and phase B is controlled by turn-off angle controller.
When the turn-on angle is advanced ( €41 < Gma3 ), the phase current and output torque is
changed according to the turned on region. Much increased phase current i,,,;; can increase
the output torque than the small phase current i,,3 . Similarly, when the turn-off angle is
delayed ( Gym1 < Gys3 ), the phase current and output torque range is changed according to
the turned off angle. Much extended phase current i,;3 can increase the output torque than
the short phase current i,; . This control scheme just controls average torque, and cannot
control the instantaneous torque.

Fig. 11 shows a current control block diagram, phase current and output torque. Hysteresis
current controller or PWM(Pulse Width Modulation) can be used to adjust the phase
current. In the current controller, the activated phase is determined by the rotor position. By
the switching of power devices, the switching loss is much increased than the on/off angle
control method. But, excitation current can be controlled with flat-top shape. If the output
torque is linearly proportional to the phase current, a constant output torque can be
obtained. However, the output torque of SRM has non-linear characteristics due to the
inductance and saturation effect. So, the output torque is dependent on the non-linear
torque characteristics.
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Fig. 10. (a) On/ off angle controller.
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(b) Phase current and output torque.

Fig. 10. Phase current and output torque of the on/off angle control scheme.
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(b) Phase current and output torque

Fig. 11. Phase current and output torque of current control scheme.
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In order to build up the desired current and extinguish the demagnetized current, turn-on
and-off angles are very important. So, the current controller with angle adjusting can
increase the torque performance. Although, the output torque is dependent on the non-
linear characteristics, but the torque region can be adjusted according to the load condition.
In a heavy load with high reference current, the turn-on angle is advanced to ensure the
excitation current building-up time. On the contrary, the turn-off angle is delayed in the
light load with low reference current due to the efficiency. Because the output torque cannot
be produced during minimum inductance and maximum inductance region, the phase
current of these region is much contributed to the loss.
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(a) Current control scheme with angle controller
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(b) Phase current and output torque

Fig. 12. Phase current and output torque of the current control with on/off angle controller

The other torque control methods are current shape, direct torque control and TSF(Torque
Sharing Function) technologies. These torque control methods are complex but torque ripple
can be reduced. In order to reduce the torque ripple, the non-linear characteristics are
considered in these control schemes. To compensate the output torque variation according
to the current and rotor position, motor characteristics are included in the controller by look-
up table, data memory and simplified mathematical model.

The current shape control method uses a compensation current according to the rotor
position to compensate the saturation effect. In this control method, the compensation term
is calculated with a simplified model. So, the torque ripple is not perfectly rejected.
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More advance torque control method uses a torque to current data to reduce the torque
ripple. In this approach, the reference current is changed according to the rotor position and
reference torque with the motor characteristics. The torque to current data is determined by
the actual motor characteristics and has 3-dimensions. Fig. 13 shows the torque control
scheme using torque-to-current data, and its operating characteristics consideration. As
shown in Fig. 13(b), the reference current to produce the desired output torque is not
constant, and non-linear current reference is determined by the torque-to-current data. The
current controller is designed to keep the reference current. This approach needs a complex
database to compensate the motor characteristics, but the torque ripple can be reduced. The
output torque is dependent on the accuracy of the torque-to-current data and current
controller. When the torque-to-current data is very accurate, the output torque is very
constant during a single phase excitation. But, it has torque ripple during the commutation
region.

Vi
Torgue-Current
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Controller > PWM "
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(@) Non-linear current control scheme
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(b) Operating characteristics

Fig. 13. Non-linear current control scheme and its operating characteristics.
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Another approach such as TSF uses a torque references and torque sharing during
commutation region. In the TSF method, torque region is divided by two region : single-phase
mode and two-phase mode. In a single-phase mode, only one phase current produces the
output torque. In a two-phase mode, the outgoing phase and incoming phase current produce
the output torque, and the total torque is the sum of the two phases. In order to reduce the
torque ripple during the commutation region, torque references should be changed, and the
sum of the torque references of the each phases are constant. The reference torque of the
outgoing phase is decreased, and the reference torque of the incoming phase is increased
during this region. The increasing and decreasing torque reference can be determined as linear
and sinusoidal function. Fig. 14 shows a TSF method using sinusoidal function.

As shown in Fig. 14(b), torque reference of phase A is increased, and reached the target
value between 6,4 and 6y, the reference of phase B is decreased from target value to zero,
reversely. However, the sum of two-phase is same as target value. When the phase current
can keep the reference current, the output torque of SRM can keep the constant value with a
small torque ripple due to the current switching. Similar to the non-linear current control
scheme, TSF needs a torque-to-current data to produce the reference current which
generates a reference torque according to the rotor position. As we shown in previous
control scheme, the output torque of the TSF method is dependent on the accuracy of the
data and current control performance.
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(b) Operating characteristics of the TSF control scheme

Fig. 14. TSF control scheme and its operating characteristics.
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The torque reference during one-phase mode of the each phases is defined as follows.

f ;(k) = Tr;
f';(k—l) =0 (3)
And the torque commands during commutation are defined as follows in the cosine TSF.
* erm I eon *
fT(k) =|1-cos 0 T T,
O0pr (k1) ~ Oon(y 2 4)

fra-1y =1 fru

Where, 0,,is rotor position. The 6,,,)and 6, _jare turn-on and-off angles of the
incoming and outgoing phases, respectively.

Compared with TSF method, DTC(Direct Torque Control) scheme uses a torque estimator
and simple switching rules to control the output torque. The torque estimator is similarly
made using the non-linear torque characteristics of the motor according to the phase current
and rotor position. And these data reflect the saturation effect and the inductance
characteristics. The DTC uses a direct torque comparison method with the torque estimator,
the switching rules are designed to compensate the torque error between the torque
reference and the estimated torque. The switching technologies of the DTC algorithm act as
hysteresis controller. For the effective compensation of the torque error, the switching
technologies can use PWM method.
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(a) Block diagram of the direct torque control scheme.
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(b) Switching rule without PWM (c) Switching rule with PWM

Fig. 15. Direct torque control scheme.
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Fig. 15 shows the DTC control block diagram and the examples of switching rules. The
switching state of the switching rule means the operating modes of converter. And the Tpy
is the torque error band of the DTC. The switching state 1 is excitation mode which supplies
the dc-link voltage in the phase winding. The switching state 0 is free-wheeling mode which
supplies zero voltage, and one power devices of the converter is turned on. And the
switching state -1 is the demagnetization mode which supplies negative dc-link voltage in
the phase winding. During the demagnetization mode, power devices of the phase winding
are fully turned off. With the PWM technology, the switching state can move more
smoothly. The PWM duty ratio is controlled by the torque error within the switching states.
The PWM method can guarantee the fixed switching frequency with small torque ripple.

The previous researches are very useful to reduce the torque ripple of SRM in the
conventional speed region. In the region, the main torque ripple is from the inherent torque
dead-zone and non-linear torque characteristics. So, the DTC and TSF can reduce the torque
ripple from the non-linear torque characteristics with the accurate torque data.

4. Advanced torque control scheme for a high speed SRM

4.1 Advanced converter topologies

When the motor speed is increased, the switching and excitation time are much decreased.
The phase current of an AC machine has sinusoidal waveform, and current changing is very
smooth. However, the phase current of SRM has square waveform. And the changing of the
phase current is very rapid. Sometimes, the excitation current cannot be reached to the
desired value, and the demagnetization cannot be extinguished during the commutation
time due to a short excitation and demagnetization time in a high speed region. The
insufficient excitation current makes an insufficient output torque, and the extended
demagnetization can produce a negative torque. The much advanced turn-off angle can
reduce the tail current in a high speed, but the output torque is not sufficient due to a short
excitation region.

Fig. 16 shows the current and torque waveforms in a high speed region.
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Fig. 16. Current and torque in a high speed.
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As shown in Fig. 16, a short excitation and demagnetization time can produce a high torque
ripple. Compared with 7,,,; and iu.2, the phase current i, cannot be reach the desired value
due to a short excitation time. So, the output torque has a high torque ripple. With the
extended advance angle, the phase current can be reached to the desired value. Similarly,
the turn-off angle should be advanced to reduce the tail current. In Fig. 16, the phase current
imp1 is extended to the negative torque region, and it produces a negative torque due to the
tail current. With an advance turn-off angle, the phase current i, is extinguished during
the proper torque region, but the active torque region is decreased. The decreased active
torque region from the advanced turn-off angle makes high torque ripple due to the torque
dead-band.

Fig. 17 shows the phase current in the high speed region with an asymmetric converter. As
shown in Fig. 17, the motor is excited at &, advanced 46,; from the start point of positive
torque region 6, to establish sufficient torque current. The desired phase current is
represented by dashed line in Fig. 17 and is demagnetized at 6y, and decreased to zero
before the starting point of the negative torque region 6, so as not to develop negative

torque.

1 O Desired Phase Current
AG ul i g Aem
. ,’/ -~ Actual Phase Current
Ly ! ] . At High Speed
l: im \ 7 ’
; p < LnlOm)
R N | >
|
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l > -t >
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region region

Fig. 17. Current in a high speed region.

In order to secure enough time to build-up the desired phase current I,,, the advance angle
A6y can be adjusted according to motor speed ;. From the voltage equations of the SRM,
the proper advance angle can be calculated by the current rising time as follows regardless
of phase resistance at the turn-on position

Aead = Lmin I_m (5)

im
Aedm - Lm (eoﬁ rlm )V_ (6)
Aty = 2ad @)
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Aty = 2im ®)

rm

Where, I,,," is the desired phase current, and V,, is the terminal voltage of the phase winding.
As speed increases, the advance and demagnetization angles are increased and turn-of and
turn-off positions may be advanced to the negative torque region of the previous phase.

If the actual terminal voltage is assumed as dc-link value, the actual maximum phase
current can be obtained when the advance angle is in the previous unaligned position.

L Aeud \ Vdc

I max I
rm (9)

min * @

And, the maximum output torque at Omin can be derived as follow.

max max
2 dae,,, (10)

With a fixed turn-on position, the actual phase current which is denoted by a solid line
cannot reach the desired value in the high speed region as shown in Fig. 17.
In a high speed, the advance and demagnetization time are much decreased. In order to
reduce the torque ripple, the phase current should be well controlled. However, the short
excitation and demagnetization times make a high current error in a high speed region.
In order to overcome these problems, boost voltage convertershas been researched. Fig. 18
shows the 4-level converter for high speed SRM.

Czl L zk”? ‘ CZJ-DF " R”'@
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(a) 4-level type 1 (b) 4-level type 2

Fig. 18. 4-level converter for high speed drive.

The 4-level converter has an additional charge capacitor C2, a power switch QB and a diode
DF compared with general asymmetric one. In the type 2, the power diode Dr is included as
an anti-parallel diode of power switch Qp. So, it can reduce the additional power devices to
implement the 4-level converter. The charge capacitor C, recovers energy from the phase
during demagnetization, and the phase current is quickly reduced due to the high negative
bias. Then the charged high voltage is through the power switch Qp to the next excitation
phase winding for the fast phase current build-up in type 1. Differ from the type 1, the
power switch of the type 2 is controlled to keep the boost voltage as a fixed value. And the
excitation voltage is same as the conventional asymmetric converter.
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Fig. 19, 20 and 21 show the operating modes of the 4-level type 1 and 4-level type 2. In the
fast excitation mode(Fig. 19(a)), dc-link voltage V. and charged voltage V., are supplied to
excite the phase winding, then the excited phase current builds up fast by the high positive
voltage. Similarly, the demagnetized phase current during turn-off is decreased quickly by
the high negative bias in the fast demagnetization mode(Fig. 19(d) and Fig. 20(d)). The
excitation and wheeling modes are same as the conventional asymmetric converter.
However, the demagnetization mode(Fig. 20(c)) supplies the negative boost voltage to the
phase current.

The 4-level type 1 is very useful to the high speed drive due to the fast excitation and fast
demagnetization modes. However, the boost voltage which is charged in C, should be
controlled to keep the constant value. To prevent the higher charged voltage, the boost
voltage is always adjusted, so the additional voltage sensor is required. In order to discharge
the higher boost voltage, the fast excitation voltage can be supply in the positive torque
region. So, the control scheme is very complex. Compare with type 1, the boost voltage of
the type 2 is automatically adjusted by the gate resistor R,;; and Ry;. And the operating
modes are always independent. This makes easy control of the SRM. And it can reduce the
power devices to implement 4-level, although fast excitation is impossible. But, it supplies
negative boost voltage during the demagnetization mode, and the current control is easier
than the type 1.
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(c) Wheeling mode (d) Fast demagnetization mode
Fig. 19. Operating modes of the 4-level converter (type 1).
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Fig. 20. Operating modes of the 4-level converter (type 2).

With a PWM(Pulse Width Modulation) technology, two operating modes can be used in a
sample time to control the phase current.

VactVeo] @ @ vl @ ) ) @
Vie Vie
- (ﬂ) >
0 o
~(VactVea) ~(VactVea)
(a) Phase voltage of the type 1 (b) Phase voltage of the type 2

Fig. 21. Phase voltage of the 4-level converter.

Fig. 22 shows current waveform of the 4-levle converter type 1 and asymmetric one at
10,000[rpm] from experiment in a 12/8 SRM. As shown in Fig. 22, excitation current of the 4-
level converter can support fast build-up and commutation of phase current when
compared with a conventional asymmetric converter. Another approach using 4-level
converter is DITC method. In the torque control, the additional control mode is very
effective.
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Fig. 22. Comparison of current waveform(10,000[rpm]).
Fig. 23 shows the proto-type high speed 4/2 SRM. The outer radius of the rotor is not

constant to produce a wide and a constant positive torque. From this, it has asymmetric
inductance which is wide positive and a short negative torque region.

(a) Rotor

(b) Stator (c) Assembled SRM

Fig. 23. Proto-type high speed 4/2 SRM.

Fig. 24 and 25 show the simulation results of the 4-level type 2. The proto-type motor is 4/2
SRM which has asymmetric inductance. The proto-type SRM has wide positive torque
region with over-lap between the phases, and designed for unidirectional applications.

Fig. 24 shows the compared simulation results with conventional asymmetric converter and
the proposed 4-level type 2 at 30,000[rpm] with rated load 0.2[Nm] in the proto-type motor.
As shown in Fig. 24, the tail current which is extended to the negative torque region
produces an additional torque ripple. Compared with Fig. 24(a), the proposed control
scheme shown in Fig. 24(b) can reduce the tail current and torque ripple due to the fast
demagnetization with a high negative voltage level.
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When the reference current is sudden changed, an additional boost wheeling and fast
demagnetization mode of the proposed 4-level type 2 can reduce the torque ripple and
enhance the control dynamics shown in Fig. 25. Compare to Fig. 25(a), the proposed control
scheme (Fig. 25(b)) shows less torque ripple next to the variation point as result of the boost
wheeling and fast demagnetization.

4.2 Negative torque compensation

Another approach in the torque control for the high speed SRM, is torque compensation
method. Fig. 26 shows the TSF algorithm in the general speed and the high speed region. As
shown in Fig. 26(a) and Fig. 26(b), the each torque references are changed to the current
reference to produce the reference torque with the considerations of non-linear torque
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characteristics. The controlled current can keep the reference torque in the conventional
speed region shown in Fig. 26(a). However, the practical current cannot be kept the
reference value due to the short commutation time in the high speed region. So, the tail
current which is extended to the negative torque region, produces negative torque when the
phase is inactive. From this tail current, the total torque of the high speed SRM has high
torque ripple shown in Fig. 26(b).
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(a) Conventional speed region (b) High speed region
Fig. 26. Torque and current in TSF according to the speed.

In order to compensate the torque ripple from the tail current, the modified TSF control
scheme is proposed. The proposed TSF has compensating torque block in the active phase.
And the compensating torque can reduce the torque ripple from the negative torque of the
inactive phase in a high speed. In order to reduce the tail current during commutation
region, the switching signal of the outgoing phase is fully turned off. If the phase current is
not extended to the negative torque region, the switching patterns of the each phases are
determined by the torque errors during commutation region. However, the swtching signals
of the outgoing phase are fully turned off, when the demagentization time is over than the
designed commutation angle to reduce the negative torque from the tail current. And the
torque error of the outgoing phase is compensated by the incoming phase current reference.
After the commutation region, the negative torque of the outgoing phase is compensated by
the compensation torque of the active phase.

Fig. 27 shows the block diagram of the proposed TSF control scheme for a high speed
region. Compared with the conventional TSF method shown in Fig. 27(b), it has torque
compensators and PWM limit signals.

In the Fig. 27, Tca” and Tep" are the compensating torques for the negative torques from the
tail current. The compensating torque is simply calculated without any control gains as
follows.

*

T,

C.

*
= TmB - Tmb

TB:T A_Tmzz

C. m

(11)

Where, Tyua"and T,3" are torque references of the each phases. And the T4 and T are the
estimated torques which are calculated by the look-up table according to the actual phase
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current and rotor position. The EN4 and ENj are the enable signals for the compensation
controller.

The Current Reference block in Fig. 27(b) is designed as look-up table whose data are
defined by the reference torque and rotor position with the non-linear characteristics of the
proto-type SRM. Fig. 28 shows the torque estimator and current reference data which are
used in this paper. The current controller is designed by the PI controller.
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(b) Control block diagram
Fig. 27. Proposed modified TSF control scheme.
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Fig. 28. The torque estimator and current reference of the proto-type SRM.

Fig. 29 shows the compared simulation results in the conventional TSF and the proposed
control scheme at 10,000[rpm]. As shown in Fig. 29, the simulation results of the proposed
type are marginally improved, and the torque ripple is almost same due to the a small tail
current. In the 10,000[rpm], the negative torque is very small and the compensation effect is
not much. The output torque of the high speed SRM can be controlled well by the TSF
control scheme.
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(a) Conventional cosine TSF (b) Proposed TSF control scheme

Fig. 29. Compared simulation result at 10,000[rpm].

Fig. 30 shows the compared simulation results at 30,000[rpm]. As shown in Fig. 30, the
torque ripple of the proposed control scheme is much reduced than the conventional one.
The torque ripple of the conventional TSF is very serious after the commutation region due
to the negative torque from the tail current of the outgoing phase winding. However, the
proposed control scheme can compensate the negative torque with the active phase torque.
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Fig. 30. Compared simulation result at 30,000[rpm].

999 19995

2

Fig. 31 shows the compared experimental results according to the control schemes at
10,000[rpm] and no-load. With the conventional cosine TSF shown in Fig. 31(a), phase
current can compensate the non-linear torque and constant torque can be achieved. In the
proposed control scheme, the torque control performance is similar to the conventional
cosine TSF. It is because that the outgoing phase current can be exhausted during the
commutation region in the low speed and no load.
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Fig. 31. Compared experimental results (At 10,000[rpm]).

Fig. 32 shows the experimental results at 30,000[rpm]. As shown in Fig. 32, the current of
outgoing phase is not exhausted in the commutation region. And the tail current produces
torque ripple as shown in Fig. 32(a). In the proposed control scheme, the incoming phase
current can compensate the negative torque from tail current, and the torque ripple can be
much decreased as shown in Fig. 32(b).
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Fig. 32. Compared experimental results (At 30,000[rpm]).

Fig. 33 shows the experimental results with a practical heavy load fan. The fan load is
increased according to the speed. In the 10,000[rpm], the tail current which is extended to
the negative torque region produces high torque ripple as shown in Fig. 33(a). The
compensation current can suppress the negative torque as shown in Fig. 33(b).
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Fig. 33. Experimental results of heavy fan load (At 10,000[rpm]).

5. Conclusion

The reasons of the torque ripple in SRM are the inherent torque dead-zone from the design
scheme, non-linear torque characteristics and the negative torque in a high speed region.
The inherent torque dead-zone can be removed by the design approach in two-phase SRM
and Hybrid single-phase SRM. This torque ripple source cannot be removed by the control
approach due to the inherent torque production mechanism of SRM.

Various torque control approaches can reduce the torque ripple from the non-linear torque
characteristics of SRM. DTC and TSF method are good choice to improve the torque control
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performance although they require a complex torque data of the practical motor. However,
the performance of the current controller is much decreased. So, the conventional torque
control scheme has torque ripple due to the current error and tail current. In order to reduce
the tail current and current error in a high speed region, advance converter topologies
which can supply additional boost voltage to increase the current control performance are
introduced. These converters can reduce the current error in the torque control scheme, and
it can improve the torque control performance in the high speed region. The negative torque
from the tail current during the high speed can be compensated by the simple compensation
technology. The detailed control scheme to compensate the negative torque is presented.
The simulation and experimental results show the effectiveness the advanced converter
topologies and torque compensation technology.
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