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Abstract This paper deals with the implementation of a sensorless control strategy
devoted to Switched Reluctance Motor Drives used in the traction drive of a small
truck. The sensorless technique operates at low and zero speed. In the proposed
approach an additional high frequency magnetic field is injected into the machine
and a suitable demodulation algorithm is exploited to extract useful information on
the rotor position and speed. The feasibility of the implementation is verified by
simulations.

1 Introduction

The anticipated proliferation of electric vehicles in upcoming years leads to a
development focused on electric traction drives. Thanks to its inherent robustness,
simplicity, and low manufacturing cost the Switched Reluctance Motor (SRM)
is a perspective machine. For efficient operation it requires a suitable converter
and accurate position information [1, 2]. An example of this focus can be seen
in [3, 4]. To increase reliability and fault-tolerance, the position sensor must be
backed up by a sensorless alternative. This paper focuses on a development and
simulation analysis of a new sensorless method for low speed and low load operating
conditions. For high speed and high load torque conditions other methods have to
be used, e.g., [5-7].
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There are two main approaches for low speed sensorless control of an SRM—
Active probing (e.g., [8, 9]) and high frequency injection. Compared to other
machines, the use of high frequency approach with the SRM provides additional
challenges. Most of these are connected to the square waveform of motoring
current, which is composed of a significant amount of higher harmonics. This
complicates position signal separation. As was shown in [10], continuous phase
excitation can improve the harmonic spectrum at the cost of generating negative
torque. Alternatively synchronous frames can be used for current filtering [11].
Another challenge is the usage of asymmetric H-bridge converters that do not
enable controlled application of negative voltage to the phase. Therefore a DC bias
might be necessary. These issues can be mitigated significantly by using separate
sensing coils, but this approach requires additional hardware [12]. Use of advanced
algorithms to process information, such as Artificial Neural Networks, is also being
investigated [13]. While complex, these methods can account for non-linearities and
disturbances that are difficult to implement using classical mathematical modeling.

Differently than [11], the proposed solution extracts the information on the
rotor position through a demodulation algorithm using a stationary high frequency
sine wave voltage injection. A combination of band-pass and Low-Pass Filters,
coordinate transformations, and synchronous frames is used to extract position error
information. This position error is used by a Phase Locked Loop (PLL) to calculate
rotor speed and position values for the control structure. The delay caused by this
algorithm is actively compensated.

2 Switched Reluctance Drive Description

Switched Reluctance Motor Drive (SRMD) used in this study is composed of a
3 phase 18/12 SRM and an asymmetric half-bridge converter. Both the motor
and converter were developed at Department of Power Electrical Systems on
University of Zilina for a small electric truck. Basic parameters of the machine are
shown in Table 1 [14]. Inductance profile is shown in Fig. 1. The converter uses
FF400R06KE3 IGBT modules. Sampling frequency is set to 20 kHz.

Table 1 SRM parameters

Parameter Value
Nominal voltage 300V
Nominal phase current (RMS) 22.4 A

Maximum allowed instantaneous | 200 A
phase current amplitude

Rated power 16 kW
Rated speed 5000 rpm
Rated torque 30Nm

Maximum static torque 250Nm
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Fig. 1 Inductance profile of -3
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3 Signal Injection

Performance and accuracy of any high frequency voltage sensorless method is
based on a correct signal injection. This is especially true in the SRMD for several
reasons:

— Square shape of main phase excitation current produces a significant amount of
higher harmonics.

— The asymmetric half-bridge converter does not allow injection of negative
voltage. Therefore a DC bias is required to inject a harmonic waveform correctly.

— An unipolar switching strategy might be preferred to reduce current ripple and
converter losses. However, this approach distorts the waveform shape.

— By injecting into an active phase, the signal gets distorted by inductance
saturation. On the other hand, not using the excitated phase for injection removes
at least one source of information for position estimation.

A 2kHz stationary field voltage injection was selected for this work. While
higher injection frequencies are desirable as they allow easier separation from
motoring current harmonics, the selected frequency is a maximum practical value
achievable for a 20kHz switching and sampling frequency. Bipolar switching is
used for the injection in unexcited phases and in the active phase when the demanded
current is lower than 40 A. To lower current ripple during motoring an unipolar
switching scheme is used for the active phase above this current threshold. Certain
load dependence can therefore be expected due to inductance saturation.

While this approach can deteriorate accuracy and stability estimation during
motoring, it decreases current ripple significantly. Figure 2 shows a block diagram
of injection. The PWM block not only calculates correct duty cycle for the converter
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transistors, but also selects the appropriate switching scheme depending on the
demanded current value /., and commutation signals.

4 Low Speed Sensorless Method

As it was shown in [11], the reverse inductance profile 1/L of a SRM phase can
be decomposed by a series of cosine terms. In the following study the reciprocal
value of the inductances is represented by approximating it with a DC term plus
a cosinusoidal term. Used 1/L waveform equations for each phase are shown in

ORE)

L=A-|—B~cos(a)rt) €))]
L,

L:A+B-cos<w,t—2-”) )
Ly 3
L=A+15’-cos<w,r—4—”) 3)
L. 3

Constants “A” and “B” represent the inductance profile constants. As will be
shown later in this paper, their exact value is irrelevant for this analysis. A stationary
voltage (4) is injected into all phases. By neglecting the voltage drop in stator
resistance and using a Band-Pass Filter, the resulting current response to the
injection can be calculated according to (5)—(7). For better clarity during principle
explanation, these equations assume that all current components related to motoring
current have been filtered out.

Uny = Ugmp - sin (a)hft) 4)

Uump{ . 1 .
A -sin (wprt) + =B - sin
" (@nrt) + 5

IgBPF =

[(@nr + o)1) + ((ns — @) 1)] } )
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Fig. 3 Harmonic spectrum of the filtered motor phase A
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As it can be seen in the high frequency current responses, three harmonic
waveforms are expected to be present in the harmonic spectrum as a result of
the high frequency voltage injection. Two of these waveforms, which contain rotor
position information, form sidebands in respect to the main injected frequency. This
can clearly be seen in harmonic spectrum shown in Fig.3, which was captured
from a simulation. The simulation will be described later. The rotor speed of
520 rpm corresponds to a frequency of 104 Hz. Sidebands containing double of
the rotor position can also be seen in this figure, but they are suppressed by the
demodulation algorithm. To improve figure clarity during principle explanation, no-
load conditions were selected as they are not distorted by interference from the
motoring current.

Because the studied machine has three phases a regular Clarke transformation
(8) can be used to obtain currents in the orthogonal stationary frame. As can be seen
in (9) and Fig. 4, the main high frequency current response is canceled out in this
transformation.

1 la
g = | | A ®)
0 +% =
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Fig. 5 Harmonic spectrum of dj,y current component

iap = Yamp §B ) (ej%*f(whf*wr)l + ef%*i(whﬁwr)l) )
wpr |4

To further simplify the equations an amplitude of remaining high frequency
current response is defined in (10).

3 . Uanp

I=3B 10)

Whf

A further reference frame transformation, which is synchronous to the injected
high frequency, is exploited next in (11). As it can be seen in Fig. 5 the 104 Hz rotor
information is easily distinguishable.

ldghf = lap LeJonst _ I:ej(%+wrt) + ej(%—a)rt)] (an

Another step rotates the signal using estimated rotor speed @, from the last
known step according to (12). The first of the two remaining terms is @, + w;.
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Fig. 6 Harmonic spectrum of dy current component

Assuming correct estimation this term rotates with double of the actual rotor speed.
Above certain speed the following Low-Pass Filter mitigates this term. It can be seen
in Fig. 5 as a small amplitude at a frequency of 208 Hz. The second term @, — w,
is effectively a direct representation of position error. Decreasing cut-off frequency
of the Low-Pass Filter limits impact of the first term, but also limits the dynamics
of the entire structure because the position error cannot be higher than this cut-off
frequency (13) (Fig. 6).

idgo = idghf - ol (=5 +art) _ g I:ej(l;)r‘l*wr)f n ej(c?),fa),)[:l (12)
iquPF =LPF (idqg) - Iej(‘z)r*wr)f (13)

Using both d and g components to extract the position error information
according to (16) effectively cancels the amplitude represented by I introduced in
(10). Therefore this method is dependent only on the inductance waveform shape
and not its absolute values. Of course, the signal has to have a high enough Signal
to Noise Ratio to be processed correctly.

Oerr = (0 — &)t = 6, — 6, 14
iquPF — Iej(_eerr) (15)
Ocrr = —atan2 (iqLpr, igLPF) (16)

The High Frequency Demodulator (HFD) is shown in Fig. 7.

A Phase Locked Loop (PLL) is used to estimate speed and position based on
the position error information provided by the HFD. Speed output is connected
to the speed controller. Position information is used not only for the commutation
control, but also for the reference frame transformation (12) in the HFD. Note that
the position for the commutation control is compensated for the processing delay.
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The compensated position is not used for the HFD as it would introduce interference
with the internal dynamics of the demodulator (Fig. 8).

The PLL consists of a PI controller, an integrator, and another Low-Pass Filter,
which is connected according to Fig.9a. Compensation block, shown in Fig. 9b,
corrects errors made by the delay in signal processing. This includes not only the
calculation time itself, but also the phase delay caused by the multiple filters used
in the algorithm. It consists of two parts. Firstly the static delay is compensated by
adding a constant to the estimated position. Secondly a compensation of delay for
the given speed is added. As the delay of position calculation is a linear function
of speed a simple multiplication of estimated speed and an appropriate constant
is sufficient. Estimation delay due to acceleration is not added because it would
require speed difference information, which can be affected significantly by noise.
Also if the SRMD dynamic is high, increasing the bandwidth of PLL PI controller
can effectively reduce this particular estimation delay.

5 Performance Evaluation

5.1 Modeling of the SRM Drive

Block diagram of simulation implemented in Simulink is shown in Fig. 10. It is
composed from the SRM itself, an accurate converter model (using models of actual
IGBTs) created with Simscape Power Systems toolbox, speed controller, current
controllers, phase commutation control, and the proposed method estimation block.
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Fig. 10 Sensorless SRMD implementation in Simulink
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Fig. 11 Parameter maps used in analysis. (a) Reverse flux-linkage map. (b) Torque map

During the entire simulation the control algorithm uses only estimated speed and
position. While the simulation runs at a step of 1 ps, the control and sensorless
blocks are set to 50 s according to the 20 kHz sampling frequency of the actual
drive.

The SRM model is based on a reverse flux-linkage map i = f(0, ¥) and the
torque map 7, = f (6, i) [14], which are shown in Fig. 11a, b.

5.2 Simulation Results

As can be seen in Fig. 12, the simulation run consists of five distinct parts:
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Fig. 12 Phase currents (top), torques (middle) and speed (bottom) of the SRMD operation using
only estimated values

t € (0; 0.5)—Demanded speed is set to zero and rotor position is deliberately set
to 180°. The rotor is braked in this position and cannot move. This simulates the
worst case of an unknown starting position.

t € (0.5; 1.2)—A speed of 500 rpm (10% of nominal speed) is demanded with
zero load torque. Because of this and the control structure dynamics, the speed
overshoots slightly to approximately 520 rpm.

t € (1.2;2)—Demanded current is zero because of the overshoot and no load
torque.

t € (2; 2.6)—A step change of load torque to nominal value of 30 Nm is applied
to demonstrate robustness of the algorithm. It should be noted that this sudden
loading is not expected in a traction application.

t € (2.6;3.5)—This last interval shows steady state accuracy under nominal
load.
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Electrical position error is shown in Fig. 13. The red boundary marks the +40°
of error, or 3.33° mechanical. If the rotor position stays within these limits, torque
generation capability should not be reduced by more than 25%. This is acceptable
for a low speed and low load operation and is comparable to [10]. The algorithm
correctly converges to the starting rotor position within a very short period. During
the acceleration to demanded speed, the position accuracy is negatively affected by
interference from the motoring current, but stays within the acceptable limits. The
no-load interval again reaches very good accuracy and stability due to the lack of
motoring currents. During the load torque step change transient, the position error
is again increased. It can be seen that during stable nominal load operation, the
position error ripple is higher than during no load and also the mean value of position
error is not zero. However, the error is still within specified limits.

Speed error, recalculated to rpm, is shown in Fig. 14. In regions without motoring
current, the error is negligible, similarly to position error. In the presence of
motoring current there is a noticeable ripple even with the Low-Pass Filter in the
PLL. Design of speed controller must account for this ripple. During the initial
transient to correct position, the negative estimated speed might cause the speed
controller to apply motoring current, causing the rotor to move if adequate braking
is not applied.
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It must be noted that the high torque ripple seen in Fig. 12 is not caused only by
the position error, but also by the requirement to use only one phase for motoring
at any given moment. Because the studied SRM is a 3 phase machine, this causes
severe ripple. The filtered torque values stay high, verifying correct estimation.

6 Conclusions

A new approach for the estimation of position and speed of a Switched Reluctance
Motor Drive based on stationary high frequency voltage injection was shown. This
method improves signal processing, which separates the necessary information from
the measured current signal. The principle was described thoroughly and verified by
a simulation using an accurate model of the motor and converter.

Using both bipolar and unipolar switching scheme under appropriate conditions
significantly reduces current ripple and improves converter efficiency. The peak
injected current reaches values up to 35 A (corresponding to 17.5% of allowed
instantaneous current amplitude), but given the SRM characteristics the resulting
negative torque is negligible. The inductance saturation at this current level is also
not significant, but during motoring section of the period. It was shown that even
during high-power motoring the accuracy, decreased by inductance saturation from
motoring current, is still within required limits. High amplitude of injected voltage
is also permissible, as this method is considered for low speed operation, where
there is sufficient supply voltage available compared to the Back EMF.

Simulation results show that the method is capable of correct startup from an
unknown position to at least 10% of the nominal speed of the machine and sustain
this speed both in no-load and nominal load conditions. Robustness of the algorithm
was verified by the acceleration to speed and load torque step change transients.
Experimental verification will be published in a following paper.
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