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Letters

Low-Cost Realization of Feature Position Estimation Scheme for Switched
Reluctance Motor

Rajdeep Banerjee , Student Member, IEEE, and Parthasarathi Sensarma, Senior Member, IEEE

Abstract—This letter proposes a low-cost feature position esti-
mation scheme for singly excited SRM without using lookup tables.
This scheme uses the particular flux linkage versus current curve,
corresponding to the commutation angle, to generate a flux-linkage
reference. Phase commutation is executed at the instant when the
online estimated flux linkage reaches this reference threshold. So,
this letter, initially, proposes a novel analytical method to com-
pute the reference flux linkage from phase currents. Then, a new
approach is presented that maps the individual measured phase
currents and estimated flux linkages into corresponding unified
signals to reduce the computational burden. Thereafter, the mutual
coupling among phases is shown as a cause of serious error in
the thresholding operation, and a design criterion to avoid this
error is derived. Performance of the proposed sensorless scheme is
experimentally validated on a 1 kW, 3000 r/min, 6/4 SRM-based
laboratory prototype.

Index Terms—Flux-linkage characteristics, nonlinear model,
sensor-less, SRM.

NOMENCLATURE

ABC Asymmetric bridge converter.
ACW, CW Anticlockwise, clockwise.
ADC Analog to digital converter.
AND Logical “AND” operation.
FPGA Field programmable gate array.
FSM Finite state machine.
IGBT Insulated gate bipolar transistor.
LUT Lookup table.
MUX Multiplexer.
SD Standard deviation.
SRM Switched reluctance motor.

I. INTRODUCTION

THE feature position estimation scheme is widely used for
switched reluctance motor drives in medium and high-

speed applications [1], [2], [3], [4]. This scheme, initially,
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synthesizes a flux-linkage reference, ψref, from the excitation
current, i, using the flux-linkage characteristic,ψ(i, θoff), for the
commutation angle, θoff. Then, the excited phase is commutated
at the instant when the corresponding estimated flux linkage,
ψ̂, equals ψref, and the next phase, in sequence, is excited. This
ensures that the dwell angle is equal to the stroke angle σ. A de-
sign tradeoff exists between the requirement of data memory and
processing speed for realizing this scheme on a digital platform.
In [2],ψref in terms of all the phase currents are stored in an LUT
that requires significantly large data space. However, in [3] and
[4], the Fourier series-based analytical model is proposed, which
represents ψref as a function of rotor position θ. These Fourier
coefficients are defined as higher degree (>2) polynomials in
i. Computation of these polynomials increases the number of
mathematical operations that leads to requirement of a high
machine clock frequency for the digital controller. Either one of
the aforementioned cases increases the cost of digital controller.

Therefore, this letter reports a twofold solution. First, to
eliminate the use of LUTs, a novel analytical model forψ(i, θ) is
presented that represents the flux linkage ψ as a function of i for
each rotor position θ. The proposed model considers the effect
of “S”-shaped magnetic nonlinearity (B-H curve) on ψ(i, θoff).
Second, to minimize the mathematical operations, an algorithm
is proposed that computes the unified signals of ψ̂ and ψref

instead of computing these for each phase individually. Then,
considering the effect of mutual inductance, the drive signals are
synthesized sequentially using an FSM. Finally, experimental
results are presented for validation.

II. SRM DRIVES CONFIGURATION

Fig. 1(a) shows the schematic diagram for an SRM-based
variable speed drive, comprising a 6/4 SRM and asymmetric
bridge converter. Each phase of the power converter comprises
two switches {Qn1, Qn2} and two diodes {Dn1, Dn2}. The
drive signal Xn for Qn2 decides the excitation region of nth
phase with respect to corresponding rotor position θn. Here, θn is
defined with respect to the unaligned position of nth phase. The
drive signal pwmn for Qn1 is generated, while corresponding
Xn = 1, to control the phase current in. Therefore, the effective
voltage vn across the nth excited phase is expressed as [1]

vn = d(t)Vdc = Rin +
dψn

dt
, n ∈ {1, 2, 3} (1)
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Fig. 1. (a) Schematic diagram for a 6/4 SRM drive along with sensorless control scheme. (b) Typical waveforms of Xn, pwmn, vn, in, and ψn.

where Vdc and d(t) denote the dc-link voltage and duty ratio of
corresponding pwmn, respectively. ψn andR are the developed
flux linkage and winding resistance of nth phase, respectively.
At steady state, Fig. 1(b) shows the typical waveforms of vn, in,
and ψn with respect to θ1. At the turn-OFF instant, θ1 = θoff , ψn

reaches its maximum value ψpeak. Neglecting (Rin) drop in (1),
ψpeak is expressed in terms of vn at a particular rotor speed ω so
that

ψpeak =
1

ω

∫ θoff

θoff−σ

vndθ =
Vdc
ω

∫ θoff

θoff−σ

d(t)dθ. (2)

Simplifying further, using the mean duty ratio D

ψpeak =
DVdcσ

ω
,where D =

1

σ

∫ θoff

θoff−σ

d(t)dθn. (3)

Both the switches are turned-OFF at θ1 = θoff , which forces in
to flow through the diodes. That phase enters the deenergizing
zone during which in decays to zero, since vn=−Vdc. Angular
duration θov of this deenergizing zone is expressed as

θov =
ψpeakω

Vdc
. (4)

To control the SRM drive, in general, a two-loop hierarchical
control scheme, comprising inner current and outer speed loops,
is considered. Here, d is computed by the current controller
so that in tracks the reference current i∗. The speed controller
generates i∗ to maintain a desired rotor speed ω∗. An estimate
of rotor speed ω̂ is used for feedback, and is computed from an
arbitrarily chosen drive signal Xn [8] as

ω̂(in r/min) =
60

NrΔT
(5)

where Nr is the rotor pole number and ΔT the period of Xn. A
free-running clock, with periodTclk, increments a digital counter
over the time period of Xn and the final count corresponds to
ΔT . The bit size Γ of the counter register defines the minimum

Fig. 2. (a) Flux-linkage characteristics obtained experimentally for a 6/4 SRM,
(b) variation of L with i at 35◦ (mech.).

speed ωcr that can be correctly estimated

ωcr(in r/min) =
60

2ΓTclkNr
. (6)

Drive signals Xn(n ∈ {1, 2, 3}) are synthesized from the
position sensorless scheme, discussed as follows.

III. PROPOSED SENSORLESS SCHEME

In the proposed feature sensorless scheme, the reference flux
linkageψ(i, θoff), corresponding to predecided θoff , is computed
using a novel online method discussed as follows.

A. Proposed Flux-Linkage Reference Computation

Fig. 2(a) shows the experimentally obtained ψ(i, θ) for a
6/4 SRM. Here, θ = 0◦ and 45◦ (mech.) denote the unaligned
and aligned rotor positions, respectively. For motoring, phase
excitation interval is enclosed by these limits. To validate the
proposed scheme, θ = 35◦ (mech.) is chosen arbitrarily as
θoff , which ensures the excitation of each phase in the positive
gradient region of corresponding phase inductance. Hence, from
ψ(i, 35◦), the phase inductance L(i, 35◦), corresponding to θ =
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Fig. 3. (a) Comparison ofψ − i curves, computed using proposed and existing
computation methods [5], with experimental data and (b) error analysis for both
the methods.

35◦ (mech.), is computed using

L(i, 35◦) =
ψ(i, 35◦)

i
(7)

and is shown in Fig. 2(b). It is observed that it has three different
regions based on i. Here, ib1 and ib2 denote the boundary currents
between these regions, defined as follows,

1) Region-I {0 ≤ i ≤ ib1}: L(i, θ) = Lun1 which is less than
the unsaturated inductance Lun due to initial nonlinearity
of B-H curve.

2) Region-II {ib1 < i ≤ ib2}: L(i, θ) remains constant and
equal to the unsaturated inductance Lun.

3) Region-III {i > ib2}: L(i, θ) is decreases with i due to
magnetic saturation.

In [5],L(i, θ) is approximated using the rational fraction con-
sidering the magnetic saturation only. Therefore, to incorporate
L(i, θ) of region-I, the flux linkage ψe(i, θ) is computed from
the measured current i for an arbitrary θ as follows

ψe(i, θ) =

{
Lun1i, i < ib1

Lun(i−ib1)
1+a0(i−ib1)+a1(i−ib1)2

+ Lun1ib1, i ≥ ib1.
(8)

Here,Lun1 andLun are the mean values ofL(i, 35◦) in region-
I and region-II, respectively, whereas ib1 corresponds to the first
point of discontinuity in L(i, 35◦) near i = 0. Rearranging (8)

Lun(i− ib1)

ψ − Lun1ib1
= 1 + a0(i− ib1) + a1(i− ib1)

2 (9)

the coefficients a0 and a1 are obtained from a least squares
fit over the entire data ψm of ψ, which is either measured or
computed, for i ≥ ib1. Fig. 3(a) shows the comparison between
flux-linkage characteristics, obtained from the experimental
measurement, and computed using existing [5] and proposed
online methods. Model errors are quantified as

ε(i) =
ψe(i, 35

◦)− ψm(i, 35◦)
ψe(i, 35◦)

. (10)

Fig. 3(b) plots this error, as a percentage, and the improved
accuracy of the proposed model is clearly observed. Now, the
sequential generation of drive signals Xn using the proposed
model is discussed as follows.

Fig. 4. Generation ofXn(n ∈ {1, 2, 3}) using an FSM and its state diagram.

Fig. 5. Experimental setup. (a) SRM. (b) ABC with auxiliary circuits.

B. Generation of Drive Signals

Fig. 1(a) shows the schematic of the proposed sensorless
control scheme. Since each phase is excited at a time∑

n

Xn = 1, n ∈ {1, 2, 3}. (11)

This helps to define a unified flux linkage ψu as

ψu =
∑
n

Xnψn, n ∈ {1, 2, 3}. (12)

Also, phase currents in are sensed and mapped into a unified
current signal iu as follows:

iu =
∑
n

Xnin, n ∈ {1, 2, 3} (13)

which serves as the unique feedback signal for the current
controller. Here, it is also used to compute the reference flux
linkage ψref(θoff) using (8), for the predecided θoff . Computing
an estimate ψ̂n of ψn as

ψ̂n[k + 1] =

{
(d[k]vdc[k]−Riu[k])Ts + ψ̂[k], for Xn = 1

0, for Xn = 0

(14)
an estimate ψ̂u of ψu, as per (12), is computed as follows:

ψ̂u[k + 1] =
∑
n

Xnψ̂n[k + 1] (15)

where Ts denotes the sampling time.
Fig. 4 shows a schematic to synthesize Xn by comparing

ψref(θoff) and ψ̂u at each sampling instant. Although each phase
is excited at a time, there is an overlap region while in of
consecutive phases are nonzero, as shown in Fig. 1(b). During
this overlapped region, θov, ψn corresponding to the excited
phase is expressed as [2],

ψn = Lnin +Mnqiq, n �= q; n, q ∈ {1, 2, 3} (16)
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Fig. 6. Experimental results: (a) pwm1, X1, i1, and iu, while ω=3000 r/min; ψref(25
◦), ψref(35

◦), ψ̂u, and Δθ while ω=3000 r/min for (b) proposed and
(c) conventional sensorless scheme [2], (d) Δθ at different operating ω, (e) ω, ω̂, i∗, and Δθ during step in ω∗ and Tl. Scale: (a) i1, iu (16 A/div), time:800 μs/div;
(b), (c) ψref(25

◦), ψref(35
◦), ψ̂ (30 mVs/div), Δθ (7.2◦ mech./div), and time: 1 ms/div; (e) ω, ω∗ (1200 r/min/div), i∗ (16 A/div), Δθ (7.2◦mech./div),

time:650 ms/div.

where the suffixes n and q correspond to the present and pre-
viously excited phases, respectively, and M is their mutual
inductance. Since the effect of M is not incorporated in the
reference dataset ψm, mere comparison of ψ̂u and ψref(θoff)
will not ensure accurate determination of θoff . To eliminate this
problem, this comparison is activated after iq ≤ 0, i.e., after the
elapse of θov. Therefore, to avail at least one sampling interval
after the activation, it is clear that θov must be less than σ.
Substituting ψpeak from (3) in (4)

θov = Dσ (17)

a criterion formulated for a given ω and Ts is expressed as

ωTs ≤ σ(1−D). (18)

During running condition, Xn(n ∈ 1, 2, 3) are generated
from an FSM where its states are all possible combinations of
Xn as per (11). Fig. 4 shows the state diagram for CW and
ACW rotations of the rotor. State transition, leading to phase
commutation, occurs when its binary input P [k] is a logic “1.”
A MUX selects the binary result of signum comparison, iq ≤ 0,
for the current iq in the previously excited phase. The logical
AND ensures that phase commutation happens when

P [k] = {ψ̂[k] ≥ ψref(θoff)[k]} ∩ {iq ≤ 0} = 1. (19)

At stand still, the initial state is decided either using initial
position estimation schemes, [6], [7], [8], [9], or from position
sensors. Experimental validation of the proposed scheme is
presented in the following section.

TABLE I
OPERATING CONDITIONS FOR 6/4 SRM

IV. EXPERIMENTAL VALIDATION

Fig. 5 shows the 1 kW, 3000 r/min, 6/4 SRM-based labora-
tory prototype along with asymmetric bridge converter (ABC)
and its auxiliary circuits. Two three-phase IGBT-based inverter
modules (Semkron Skiip28AC066V1) are used for the power
circuit of the ABC. The detailed operating conditions are listed
in Table I. The proposed sensorless scheme and the controllers
are implemented on an FPGA (Altera Cyclone)-based digital
platform, with 20 MHz clock frequency. Feedback variables
Vdc and in are sampled at the switching frequency and digitized
using an on-board ADC.

Fig. 6(a) shows the experimental result of the drive signals
pwm1 and X1, i1, and iu while ω = 3000 r/min. It is observed
that peaks of i1 are mapped into iu while X1 = 1 as per (13),
and iu is an uninterrupted signal.

Having arbitrarily chosen θoff = 35◦, the reference flux link-
age ψref(35

◦) is computed using (8) as per the proposed model.
Also, a pseudoreference signalψref(25

◦), for θ= 25◦ (mech.), is
computed to verify the proposed model. With a pair of Schimdt
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triggers toggling at ψ̂u = ψref(25
◦) and ψ̂u = ψref(35

◦), the
time interval δt between these two events is measured. The
corresponding angle Δθ is expressed at the operating speed ω
as

Δθ = ωδt. (20)

In this case, Δθ should ideally be 10◦ (mech.). Fig. 6(b) shows
the experimental result of ψ̂u, ψref(35

◦), ψref(25
◦), and Δθ, re-

spectively, while ω=3000 r/min. It is observed that Δθ=9.936◦

(mech.). This ensures the accuracy of feature position θoff=35◦

estimation using the proposed scheme. The effect of mutual
coupling is observed near the turn-ON angle (enclosed by a
dotted box), where both the reference signals ψref(25

◦) and
ψref(35

◦) are less than ψ̂u. Spurious state transition in this region
is avoided by disabling this comparison using (19). Performance
of the proposed scheme is benchmarked against a conventional
sensorless scheme [2], where two separate LUTs are used. These
store the measured flux linkage versus current profiles for θ=25◦

and 35◦, which are used to obtain ψref(25
◦) and ψref(35

◦),
respectively, for each phase current in. Also, an estimate, ψ̂n

of ψn, for each phase is computed at the kth sampling instant
using

ψ̂n[k+1]=(d[k]Vdc[k]−Rin[k])Ts+ψ̂n[k], n ∈{1, 2, 3}.
(21)

Fig. 6(a) shows the experimental results of ψ̂1, ψref(35
◦), and

ψref(25
◦), at ω=3000 r/min, for the conventional method [2]

where it is observed that Δθ=10.4◦(mech.). So the error is
marginally more than that with the reported scheme.

To check the accuracy, Fig. 6(d) plots the measured Δθ at
different operating speeds for both proposed and conventional
schemes. Mean and SD of errors in measured Δθ are 0.42◦

(4.2%) and 0.43◦ (4.3%), respectively, for the proposed scheme,
whereas for the conventional scheme, these are 0.79◦ (7.9%)
and 1.39◦, (13.9%), respectively. This confirms that accuracy
of the proposed scheme is independent of ω. Robustness of the
proposed scheme is examined under steps in speed reference ω∗

and load torqueTl, which cause time varying i∗ during transients.
Fig. 6(e) shows the experimental result of estimated (ω̂) and
actual (ω) speeds, reference current, i∗ and Δθ for successive
steps in command, ω∗ (3000 to 3300 r/min), and disturbance,
Tl (1 N · m). Estimated speed ω̂ is seen to accurately track the
actual speed ω. Mean of Δθ is 10.6◦ during the speed transient,
shown in the red box, whereas it is 10.8◦ (mech.) during the load
transient, shown enclosed in the blue box.

V. CONCLUSION

This letter presented a low-cost realization of feature position
estimation scheme for the SRM drive. The requirement of huge

data memory is eliminated by using a novel online approach for
flux-linkage reference computation, using measured phase cur-
rents. Then, the computation time is minimized by proposing an
algorithm that computes the unified reference and estimated flux
linkages, instead of computing for each phase. Also, a design
criterion was derived to eliminate the effect of mutual coupling.
This proposed scheme was experimentally validated on a 6/4
SRM drive and benchmarked against a conventional scheme.
Estimation errors were less than 8% for different operating
speeds as well as for the speed and load transients. However,
the proposed scheme would still require conventional initial
position estimation schemes for initial rotor position detection
at start-up.
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