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Digital Peak Current Program Mode Controller for
Switched Reluctance Machines

Rajdeep Banerjee

Abstract—This article proposes a digital peak current program
mode control scheme for switched reluctance machine (SRM)
drives. To control phase currents, in general, a hysteresis controller
(HC) is widely used due to its simplicity and robustness. However,
realizing HC on a digital platform requires a significantly high ratio
of sampling to switching frequency. To obviate such steep demands
on data sampling, the proposed scheme uses the precepts of the
digital current program mode control, widely used for dc-dc con-
verters. For amenability with the SRM drive, this article proposes a
transformation that represents an SRM by its dc-equivalent circuit.
This transformation also simplifies the mathematical modeling of
the drive. Then, to consider variations in phase-inductance and
back-emf, parameter adaption through real-time estimations is in-
corporated in the proposed scheme. A stability criterion is derived
from the robustness analysis by probing the effect of estimation
errors on reference tracking performance. Finally, the proposed
scheme is experimentally validated using a 1 kW, 3000 r/min 6/4
SRM-based laboratory prototype. Also, the proposed scheme is
bench-marked against the conventional HC and model predictive
control scheme, realized on the same digital platform.

Index Terms—Current control, digital controller, switched
reluctance machine.

I. INTRODUCTION

WITCHED reluctance machines (SRM) are suitable for
modern applications, such as electric-vehicle, air-craft
propulsion, and pumps [1], [2], [3], [4], due to their inverse
torque speed characteristics and inherent fault-tolerant capa-
bility. For SRM drives, a two-loop hierarchical control struc-
ture, comprising inner-current and outer speed control-loops,
is widely considered. However, the current controller design is
complicated by the plant nonlinearity, as the phase inductance
varies with rotor position () and excitation current (z), and the
back-emf with both rotor speed (w) and ¢. Also the developed
shaft torque is proportional to 2. As reported in [6], [7], [8],
[9], [10], [11], and [12], PI-based and hysteresis control (HC)
are two distinct and popular approaches for current regulation
in SRM drives.
One of the major advantages of a PI-based controller is the
fixed switching frequency. However, its design entirely depends
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on the equilibrium conditions considered to derive the plant
transfer function for the inner current control loop. In [6], to
eliminate the nonlinearity due to back-emf, the plant transfer
function is derived considering constant w. Also, this non-
linearity can be eliminated using back-emf compensation [5],
[6], [7], [8], [9], [10]. In [5], back-emf is estimated using the
sensed ¢ and w. However, the variation in phase inductance
(L) is neglected. This leads to improper design and eventu-
ally causes poor reference tracking and oscillations [7], [8].
Therefore, in [7], the phase-inductance adaptive control law was
proposed, with the proportional coefficient made a function of
the incremental inductance. However, in [8], both proportional
and integral coefficients are defined as functions of # and 7, which
accounts for the variation of L indirectly. Then, to decouple the
back-emf component, 2-D look-up table (LUT) is used to store
itas a function of 7 and #. Use of LUT is avoided in [10] through
a linearized analytical model for the back-emf.

Unlike PI-based methods, plant model of the current control
loop minimally influences design of a HC [11], [12]. Also, high
control bandwidth and robustness against parameter variation
are some of its major advantages. Though the fixed hysteresis
error-band defines the allowable current-ripple, it causes variable
switching frequency fs,, due to variation in L. This increases
the machine vibration and acoustic noise. Therefore, in [13], the
error band is varied with L to achieve constant f,,. However, the
need for continuous error comparison makes the realization of
HC, on a digital platform, demand a high sampling rate fsqmpic
compared to switching frequency fs,. Apart from hysteresis
and conventional PI controllers, hybrid, deadbeat predictive
control laws along with nonlinear control methods, such as back-
stepping and sliding mode controllers, have demonstrated [14],
[15], [16], [17] accurate reference current tracking. However,
these methods require extensive computation and memory in a
digital controller.

Therefore, this article proposes a digital current control
scheme, which combines the advantages of PI based and HC.
The major objectives are, first, to have equal fs,, and fsampies
and, second to eliminate the need for LUTs. The proposed
current control scheme uses the precept of digital peak current
program mode control (PCPM) law, which is widely used for
dc—dc converters [19]. To realize the PCPM control scheme,
it is essential to maintain the continuity in sampled current.
Therefore, a transformation is proposed which maps the phase-
currents into an uninterrupted current signal. Also, variation of
back-emf and L are incorporated in the control scheme through
real-time estimations.
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Fig. 1. Schematic diagram of the drive with a 6/4 SRM and ABC.

The rest of this article is organized as follows. Section II
illustrates the mathematical modeling of SRM drives and defines
the proposed transformation, leading to the dc equivalent circuit.
Section III presents the derivation of the proposed parameter
adaptive control law, along with the estimation of machine
parameters and a robustness analysis to investigate the effect
of estimation errors. Section IV presents the experimental vali-
dation on a 6/4 SRM-based laboratory prototype. Experimental
results are presented and discussed for both steady state and tran-
sient operating conditions of the SRM drive. Finally, Section V
concludes this article.

II. SYSTEM DESCRIPTION AND MODELING

Fig. 1 shows a schematic of an SRM drive, where an asym-
metric bridge converter (ABC) is used as a power amplifier.

A. SRM

Considering that each phase is excited without overlap, mu-
tual coupling among the phases is negligible. Therefore, the
flux-linkage 1),, corresponding to each phase is expressed as

where 7,, denotes the instantaneous phase current and the phase
inductance, L(i,, 6,,) is a function of rotor position 8,, and 4,,.
Here, 0,, is defined with respect to the unaligned rotor position
of the nth phase. Therefore, the voltage balance equation for the
nth phase is expressed as

d
n = Riy 7 ¥n 2
v Ri,, + dt¢ (2)

diy, . OL(in,0n)
:Rn L ‘77,7911 I n=—_ _ap
in+ L(1 ) p + wi 06,
where v,, depicts instantaneous phase voltage and R denotes the
phase-resistance, assumed identical for all phases. From (3), an
instantaneous back emf e,,, developed in each phase is expressed
as

3)

{L(in,0n)}- “)

.0
En = Wilp ——

n n aen
The reluctance torque 7, contributed by the nth phase is ex-
pressed as

_ L2 9
T, = 5n o0, {L(in,0n)}. (5)
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TABLE I
DIFFERENT OPERATING MODES OF ABC
Sni Sho Switches Un
Modes Qn1 | Qn2 | Dn1 | Dn2
M, H H 1 1 0 0 Ve
Mo L L 0 0 1 1 —Vie
M3 H L 1 0 0 1 0
“H” —high, “L” —low, “1” — turned-on, “0”— turned-OFF
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Fig. 2. Typical current waveform while it is controlled using M7 and M3.

Therefore, the torque balance equation is expressed as follows:

dw
T.=N T, =J=— + Bu+T 6
zn: Jor + Bw+ T (6)

where J and B are the moment of inertia and viscous co-
efficient, respectively. 7; and 7. denote the load and shaft
torques, respectively.

B. Asymmetric Bridge Converter

Fig. 1 shows the circuit diagram of ABC for a 6/4 SRM.
In this converter, each limb is dedicated to a specific phase-
winding and comprises two switches {Q,1, @2}, and two
diodes {D,,1, D2}, as shown in the figure. Based on the switch-
ing signals, it has three operating modes such as energizing (M),
de-energizing (M), and freewheeling (M3). For each mode, v,
in terms of V.. is listed in Table I. Therefore, ,, can be controlled
using combinations of two the operating modes, such as { M1,
M3} or { M7, Mo}, for motoring operation. The former one is
considered here as it causes lesser current ripple, and typical
waveforms of the relevant variables are shown in Fig. 2. For
motoring operation, each phase is excited in the positive gradient
region of its corresponding L profile. Therefore, the switching
signal S,,1 for @,,2 is expressed in terms of 6,, as follows:

1 6,,<6, <60, +c
Snl - . (7)
0 otherwise

where 6, depicts the turn-ON angle [18] and o is the stroke
angle, expressed in terms of rotor and stator pole numbers, NN,
and N, such as

1 1

Hence, the switching signal S,,2, for (),,1 is generated to
control i,, while the respective S,;; = 1. In this mode, therefore,
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vy, 18 expressed as

Up = dn Vdc (9)

where d,, denotes the duty ratio for the nth phase. So, the
duration of M; is d,,Ts, T being the switching period.

C. Proposed Transformation

A transformation is proposed to form an equivalent circuit
model for SRM drives. As the basis of this transformation
is the excitation of phases, the transformation matrix P,, (n-
dimensional row matrix) for an n-phase SRM is expressed
as

P, =[S Su 1D

its elements being the switching signals, defined in (7). Also,
since overlap in phase excitation is not considered

Snl]

Su+Si1+--+Su=1 (12)
and, therefore, the following condition:
P, Pl =1 (13)

always holds true. Since the elements of P,, are binary, the
pseudoinverse of P,, is equal to its transpose Pf. Also, the
time derivatives of P,, and PZ are
d d
—P,=[0 0 ... 0, —P7T
at- " [ b at= "
Therefore, a vector X representing an arbitrary system variable,

e.g., current 7,,, or the back emf e,,, in each phase of an n-phase
SRM, such as

=[0 0 7. (14

X =[r @ z,) T (15)

is mapped into a scalar x,, by the transform P,, as follows:

Ty =Pp.X (16)
while the inverse mapping uses the pseudoinverse P7 as
X =Plg,. a7

For any n-phase singly excited SRM, the composite voltage
balance equations, as per (3) and (9), for all the n phases are
expressed in (10) shown at the bottom of this page. Here, the
duty-ratio d,, and current ¢,, corresponding to each phase are the
elements of vectors, D and I, respectively. Parameters L(iy,, 0,,)
and its position gradient are the diagonal elements of n x n
square matrices, L and G, respectively. As defined in (4), the
back-emf e,, corresponding to each phase is an element of the
vector E such that
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and, using the above matrices, (10) is succinctly expressed as

DVye = RI + LiI +E.

19
7 19)
Also, the developed torque 7 as per (6), is expressed as
1
T, = 5IT.G.I. (20)

Therefore, the vectors of (19) are mapped into their scalar
equivalents by the transform P,,, such as

d=pP,D, i,=P,1I ¢,=P,.E. (21)
Using the second relationship of (14), (19) is expressed as
dVy4e = Ri, + P, LP n —iy + €y 22)
where, from (18),
ey = wP,GPZj,. (23)

Hence, after the proposed transformation, the parameter matri-
ces, L and G, are mapped into dc-equivalent coefficients, L.,
and «, respectively, where

Z 1L Z?’la n

a=P,GPT = ZSMW

L,=P,LPT = (24)

(ins On). (25)

After the transformation, the final voltage balance equation
for the equivalent circuit model is

diy,
AV = Riy + Ly 2% 4 ey,

26
7 (26)
and the developed torque is expressed as
1.
T, = izia. (27)

This transformation superposes all the phases during their ex-
cited state to form a dc equivalent circuit with parameters
R and L,, and a current dependent back-emf component e,
(= i, ow). Similarly, the converter phases get transformed into a
buck-mode switching configuration as the switch 5,1 is always
turned ON as per (12). The switching signals S, are represented
as a vector S, where

S=[S12 S Spa) ™.

Therefore, the switching function for the equivalent buck con-
verter S(t) is obtained after transforming S, such that

(28)

St =P,S=Y S5m0 (29)
E=le1 e en]t =w.GI (18) ®) ; 1one
dy i] [LGi,01) 0 .. 0 it e S 0 a
dy io 0 L(iz,02) ... 0 d lio 0 OL(iz.05) 0 is
| Vae=R| |+ . R - e e o (10)
: : . dt . .
d, in 0 0 L(in,0y) in 0 0 BLlinbn) | 4,
—— —— i
D I L G




BANERJEE AND SENSARMA: DIGITAL PEAK CURRENT PROGRAM MODE CONTROLLER FOR SWITCHED RELUCTANCE MACHINES

sy, Lo e 3s

__Vdc _
S ;+ (2d — 1)V, :_ ;s

f f

|+

(b)

Fig. 3. Equivalent dc circuit model after the proposed transformation for
current control using (a) { M1, M3} and (b){ M1, Ma}.

Obviously, the dc component of S, over a switching period
Tsis

(S)r, =d. (30)

Therefore, after the transformation, Fig. 3(a) shows the equiv-
alent model of the n-phase SRM, along with the drive con-
verter while current is controlled using {M;, M3}. Similarly,
the equivalent circuit is derived for the {A/;, M5} mode and
shown in Fig. 3(b). In this scheme, driving signals for both
upper and lower switches are the same element of matrix S and
corresponding v,, is expressed as

On = (2dy — 1)Vie. 31)

This article concentrates on the current control scheme using
{M;, M3} as it offers lower current ripple. Therefore, the trans-
formed state equations, for the current control using { M7, M3},
are expressed as
iy,
dt

d 1
== <2i3a—3w—Tl) /7

where i,, and w are the system states and d is the control input.
T; and V. depict the load and input disturbances, respectively.
Since (32) is nonlinear, the small-signal linear model is de-
rived around an arbitrary equilibrium point {7¢, w®}. However,
the system parameters, L, and «, both vary with 7,, and the
rotor position. For the state-space model, L, is considered
as a time-varying parameter corresponding to the equilibrium
point, whereas the mean, & of « over the excitation region is
considered. Hence, denoting the small signal perturbations, {u,
@, Tl and din iy, w, 17, and d, respectively, the linearized system
model is expressed as

= (dVge — Riy — wiya) /Ly,

(32)

ada i 7(Rz-wea) 7{@ i Vﬁc 5 5
4l _ | T L R d, T
dt | T N R N e Y
Y=1[0 1 [Zj‘ (33)
w

where perturbation in V. is neglected.
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Proposed Control Scheme
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Fig. 4.

Proposed current control scheme for an n-phase SRM.

From this model, the relevant transfer functions G.(s) and
G 4w (s) are defined and expressed as follows:

o A h(s) _ Vie(s + B/J)/ Ly
Cdls) sy (Bpe B BUera) Ut
(34)
G A w(s) _ (VaeI¢@) /(LyJ) B
dls) 524 (Rbers g B) sy DU a)r(ta)?
(35)

This transformation is essential to realize the proposed param-
eter adaptation in the current control scheme discussed in the
following section.

III. DIGITAL PEAK CURRENT PROGRAM MODE CONTROL
SCHEME

Fig. 4 shows a schematic of the proposed current control
scheme for an n-phase SRM. Reference current i,y is gen-
erated from the speed controller to maintain the desired speed
wr¢ f- The proposed transformation ensures continuity of current
feedback i,. This allows realization of the predictive PCPM
control scheme [19], which is stable for the entire range of
duty-ratios, from O to 1. In addition, parameters L, and e, are
estimated online to incorporate their real-time variations. This
section presents the proposed adaptive control scheme and the
parameter estimation laws.

A. Adaptive Peak Current Program Mode Control Scheme

Fig. 5 shows the synthesis of the switching signal S(t) gen-
erated using the following comparison:

S(t) _ 17 Vsaw(t) > 1-d
O, V‘saw(t) S 1 *d

where V., is the carrier signal, its falling edge synchronized
to a free-running clock with period Ts(=1/ fs. ). This ensures
regular sampling of peak current, at every falling edge of Vg,
which automatically equates the sampling frequency fsampie
and the switching frequency fg,,.

Fig. 5 illustrates the operation of PCPM control scheme show-
ing current waveform in two consecutive switching interval. The
peak current i,, [k] is sampled at the beginning of an arbitrary kth
switching interval. In the figure, the blue solid line denotes the

(36)
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Fig.5. Pulsewidth modulation technique along with typical current waveform,
denoted by blue-line, for consecutive switching intervals at steady-state.

waveform of 4, at steady state, where m,. and —m denote the
rising and falling slopes of i,,. The relation between i, [k] and
iy [k + 1] is expressed as follows:

iulk + 1) = iu[k] — myd [K]Ts + myd[k]T,

where d' = (1 — d).

From (37), the duty ratio d[k + 1] is predicted for the (k +
1)th switching interval from the sampled current 7, [k] as fol-
lows:

(37

(ires (K] — iu[k])
(myg +my)Ts

my
(mys +m;)

dlk+1] = —d[k]. (38)
So, pursuant to a small step in 7,..¢, at an arbitrary kth instant,
error in the peak of ¢,, is expected to settle at the end of (k + 1)th
switching interval, or at the (k + 2)th instant.

Now, for an SRM drive, neglecting the voltage drop across I?

in Fig. 3, m, and m [ are expressed as

ey

L,
Substituting (39) in (38), d[k + 1] is expressed as follows:

my = (39)

L, €y,
VdcTs Vdc
where V. is sensed at each switching interval. Online estimation
of L,, and e, is carried out as follows.

dlk +1] = (ires[K] = iulk]) + 27— —d[k]  (40)

B. Estimation of L,, and e,,

For the estimation laws, an assumption is made that variations
in system variables and parameters within a sampling interval
are negligible. Essentially using (2) for estimation, an accurate
estimate LZn of the flux-linkage 1),, would require the switch
voltage drops to be considered along with V. to determine
vy,. Therefore, governing equations for v, in both switching
subinterval are as follows:

dn, | Vae—(R+2RQ)i,—2Vor for dT(M1)
dt | —~(R+Rg+Rp)in—Vor—Vpr fordT,(M3)
(41
where Vor and Vpr denote the cut-in voltage of IGBT and
diode, respectively, whereas respective ON-state resistance is
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denoted by R and Rp. Therefore, the total switch voltage drop
Vsw at an arbitrary kth instant, is computed using

Vewlk] = (1 + d[k])Vor + d'[K]Vpr + (1 + d[k]) Rg
+ d'TK]RD Jin K] (42)

where Vo7, Vpr, Rg, and Rp are data-sheet values. Therefore,
tn|k + 1] is computed at each sampling instant as

(43)
where R is obtained from offline measurement. However, as R
varies with temperature and frequency, sensitivity of 1[)n to this
variation is derived, neglecting the effect of V,,, from (43), such
that

Ol Bg;ﬁn[k +1 {L%SR . <d][§j[zc]zc B 1) }1

where t)[k]/i[k] is equal to the phase inductance L. Since the
time constant L/ R is much greater than T’ and d[k] V. is always
greater than the resistance drop Ri[k]

Ok + 1] /nlk + 1]
OR/R

< 1. (45)

Therefore, it is clear that an error in @n due to the variation
in R is negligible. Similarly, a small perturbation in i[k] has a
negligible effect on this estimation.

After computing U, an uninterrupted flux-linkage signal Vu
is obtained as follows:

b=ty (46)
and then the estimate ﬁu of L, is obtained as
: ulk]
L, k] = ) 47
oK =0 @)

As per (4), the back-emf depends on «, which varies with
i, and rotor position #. From the unaligned to aligned rotor
position, L(iy,#,) varies monotonically with rotor position,
while stator and rotor teeth are partially overlapped.

From the flux-linkage characteristics (4, 0), obtained from
either ofline measurements or analytical methods, the inductance
profile L(7,0) for an arbitrary rotor position 6y, is calculated
using

(i, 0)

v =0,

L(i,0,) = (48)
For the SRM considered here, L,; and L, are computed using
(48), for different phase current magnitudes, from the (¢, 0)
characteristics of machine core at the aligned position. It is
observed that after a critical current, 5., Lo is decreasing
monotonically. Fig. 6(b) shows the variation of L with 6 for
i=30A (<Isqt) and 70 A (<Is41), respectively. The first-order
approximations of these two L versus 6 profiles are denoted by
the dotted lines where the respective standard deviations are 2%
and 4%, with respect to their mid-point values. Slope of each



BANERJEE AND SENSARMA: DIGITAL PEAK CURRENT PROGRAM MODE CONTROLLER FOR SWITCHED RELUCTANCE MACHINES

%107
4 T 1 T L
o/ al
35
1
1
3 1
cat\‘: —Y---== >
= 25 !
E | ...La1 (Reference Data)
_15 ) : =L, (Model)
o ] -.-L“" (Reference Data)
<
=15 |
1
i |
1
0.5 i
|
0 . . . I . I
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

i(A)
(@)

i10f

A e ___ ]
35—+ ,
1 1
b :
1 1
1 ® ]
e 2 !
25 ! i
jun} I I
~— 1 1
2 | |
= ! !
— 1 1
15 ' |
1 1
1 1
1 12 :
1
. Ps T !
0.5 ! P
0 v
0 i S
o 15 30 As

unaligned aligned

(b)

Fig. 6. (a) Ly and Ly, calculated from the flux-linkage characteristics and
analytical model of L,; as a function of excitation current, (b) L versus 6 profile
for different <.

dotted line denotes the corresponding & which is a function of
1,, due to saturation. For the linear approximated least square fit
L versus 6 profiles, an estimate, & of @, for an arbitrary i,,, is
computed using

. Ly(iy) — L,

& = al( u) un (49)

Bs

where [ is the stator tooth-pitch. Therefore, to avoid the use
of LUT, L,; is modeled as a function of i,, and expressed as

follows:
. LZL
Lal(lu) = Wlb .
Lal - P)/(Z’U‘

Iy < Isat

- Isat) Zu Z Isat (50)
where L7} depicts the unsaturated inductance at aligned position
and —v is the slope with which L,; decreases with current,
beyond the saturation threshold current [,,;. Fig. 6 shows a
comparison of the proposed model with the reference L,; data.
Since the maximum modeling error is found to be —2%, an
estimate é,, of the back-emf is computed using (50) as follows:

(51)

eulk] = iu[klwkla[k] = iy [kw[k{ La (iu[k]) -
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Finally, using ﬁu and é,, d[k + 1] is computed as follows:

Lu[k]
Vdc [k]Ts

dlk +1] = (iref[k] —

(52)
To examine the effect of estimation errors on controller per-
formance, a robustness analysis is carried out as follows.

C. Robustness Analysis and Design Consideration

In this analysis, it is assumed that there is no deviation in V.
Also, there are no variations in L, and e, within a switching
interval. During steady-state operation, with no estimation errors

iulk] =tk +1) =dpey =1 (53)

where I denotes the steady-state current. From (37) and (39),
the corresponding duty-ratio D is expressed as

€y
B Vdc .
However, an error in estimation or a perturbation in ¢, at an
arbitrary kth sampling instant leads to a perturbation Ad[k + 1],
in d[k + 1] over its steady-state value. Therefore, denoting the
estimation errors { Ae, AL}, in {e,[k], L, [k]}, respectively, and
the perturbation, A, [k], in 4, [k]

(54)

Eulk] = eu+Aclk], Ly[k] = Ly +AL[K], iy [k] = T+ Aiy[k].
Also, from (52), Ad[k + 1] is derived as
Adlk + 1] = é ol niuin) + 2298 _ ade). 55
d(‘ s de

Since any perturbation in d invariably affects i,,, the perturba-
tion, Aiy, [k + 2] in 4, [k + 2] is derived from (37) as

Vd c Ts

u

Niy[k + 2] = Ady [k + 1] + Ad[k +1]. (56)
The perturbations in d and i,, at an arbitrary kth instant lead to
a deviation in the estimated variables from their actual values.
From (43), (47), and (51), the perturbations A [k + 1], AL[k],
and Ae[k], in ¢, [k + 1], L,[k] and é[k], respectively, are ex-

pressed as

APk + 1] = Vg Ad[E|Ts + Adplk]
o Y+ AY[k]
ALK = Ly = Lu = 7 Tr A L

Aelk] = wIAafk] + waliy, k] (57)

where 1) denotes the actual flux-linkage. Considering the pro-
posed model of Ly (i) as per (50), an error, Ae[k], in e,,[k] due
to the perturbation in i, [k] is derived from (51) as

waAiy, I < I
Ae[k] =

w (a — —) Aty I > I (58)

It is observed that an effect on e,, due to the perturbation in 7,
is less while operating under magnetic saturation, compared to
unsaturated condition.
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TABLE II
PROPAGATION OF PERTURBATIONS IN i[k], d[k] AND ESTIMATED VARIABLES

i) AdR] R A9[E
k Aalk ALk
Aa Aa alk] Aa Aa [k}
0 0 0 Aa Wl 0 0
1 0 241 0 0 0 0
2 el _gel 0 2¢feTe aurT 0
3 0 agdeTe 0 0 0
4 44WZLI,%TS ‘

Now, to examine the propagation of perturbations in ,,, d and
estimated variables, a small perturbation, A, in &, defined as

(59)

is introduced at an arbitrary sampling instant while the drive is
operating at steady state without any estimation errors. Denoting
this sampling instant as k = 0, the perturbations in d, 7, and
the estimated variables, over subsequent sampling instants, are
listed in Table II. In this analysis, it is considered that the
steady-state operating current is less than I,; as the effect of
perturbation on é,, is significant while I < I4,; as per (58).
Therefore, there is no variation in & due to the perturbed 7,,. Also,
though the table shows an error in 1/3u due to the perturbation in
d, there is no effect on ﬁu due to the perturbations in both ¢,
and d.

For stable operation, the propagation of perturbations in i,
must be decaying. Table II shows that the perturbations in ¢,
appear in every alternative sampling instants, for k£ > 0. The
ratio of Ai,[4] to Ai,[2] is expressed as

Aidl4] QwaTs
Ai2] T L,
where o = & since Aa remains 0 for [ < I, and k > 0.

Therefore, substituting « as per (49) and (50), this ratio is
expressed as

alk] = a+ Aa

(60)

Aild]  w(L™ — Lyn)Ts

=2l . 61
Ai2) L5 bV
Expressing w in terms of the stroke-frequency fsiroke
2
W = Ffstroke (62)

N, being the number of rotor poles, and substituting (62) in (61),
the condition for stable operation is derived as

4 fstrok:e Lﬁ - Lun>
(Nrﬂs> (fsample> ( Lu <1 (63)

Here fsampre = 1/Ts. Considering the worst case scenario, i.e.,
Ly = Lyy, for stable operation, fsqmpie must follow:

4
fsample > (Wk) ()\ - ]-) fstroke

where A denotes the saliency L7} /L,,, in absence of magnetic
saturation.

To validate the proposed scheme, experimental results with a
6/4 SRM are presented in the following section.

(64)
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DC Generator

Fig.7. Laboratory prototype of a 6/4 SRM drives. (a) SRM with DC generator.
(b) ABC with Auxiliary circuits.
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Fig. 8.  Experimental results: (a) i,, (n € 1,2,3) mapped into 4, and (b)

estimated variables, 1/31“ ﬁu, and é,, at 3000 r/min and no-load condition,
(c) errors in L, estimation. Scale: (a) i, (n € 1,2,3) and 4, (8 A/div), time:
1 ms/div; (b) iy (8 A/div), ¢y, (30 mVs), Ly: (3 mH/iv), é,: (10 V/div),
(© Ly Lye gy Lerp: (1.5 mH/div), time:320 ps/div.

TABLE III
DETAILS OF 6/4 SRM
Rated Power 1 kW
DC-link voltage 190 V
Maximum phase current 40 A
Rated speed 3000 r/min
Maximum developed torque 32 Nm

Moment of inertia 0.01 NmsZ2/rad
Viscous coefficient 0.0036 Nms/rad
Winding resistance/phase 0.04 Q

Saliency (unsaturated) 6.2

IV. EXPERIMENTAL VALIDATION AND DISCUSSIONS

A. Experimental Setup and Implementation of Control Scheme

Fig. 7 shows the 6/4 SRM-based laboratory prototype.
Fig. 7(a) shows the SRM coupled with a dc separately excited
generator, used as a mechanical load. Machine ratings and
parameters are listed in Table II1.

Fig. 7 shows the laboratory fabricated ABC along with its
auxiliary circuits. The proposed control law is realized on a
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Fig. 10. Experimental result: (a) propagation of perturbations in 7.[k] and
d[k + 1] due to perturbations in & and i,,, (b) zoomed view of red box in (a).
Scale: (a), (b) d(0.4/div), i.(8 A/div), &(1.2 mH/rad), time: (a) 500 ps/div;
(b) 90 ps/div.
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Fig. 11. Experimental result: transient response of ¢ due to a small step
change in i,.. r. Scale: i1 and i,y (8 A/div), time: 160 ps/div.

Experimental results: waveforms of 41 and v1 while ¢,.. y = 28 A for (a) 2000 r/min, (b) 3000 r/min, and (c) 4500 r/min. Scale: (a), (b), (¢) 21 and 4. ¢
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Fig. 12.  Experimental result: transient response of we, iy ¢ and 4,, for sudden
step change in (a) wyey from 3000 to 3300 r/min, (b) zoomed view. Scale:
(@), (b) wreyp (2400 r/min/div), we (300 r/min/div), ircp and 7, (16 A/div);
time: (a) 100 ms/div, (b) 2.8 ms/div.

FPGA (Altera Cyclone EP1C12Q240C8) based digital platform,
clocked at 20 MHz. Stability criterion (62), at rated operating
condition, is satisfied by the choice of fsqmpie (=fsw) = 10kHz.
Fig. 8(a) shows the experimental result for the transform ¢,, of
the individual phase currents using the proposed transformation.
Also, Fig. 8(b) shows the experimental results of i,, along with
the estimated variables 1/)“, u, and é,,. It is observed that the
continuity in ¢, and all the estimated variables are achieved,
which is essential for the adaptive PCPM control scheme. Also,
an error analysis is carried out to check the accuracy of L,
estimation as shown in Fig. 8(c). Here, the reference inductance
L, is obtained form an LUT, which stores the offline measured
inductance in terms of ¢ and 6. It is observed that the error in
estimation, Ler,,(:ﬁu — Lycy), is within the tolerable limit ex-
cept during phase-transition, shown enclosed by the black dotted
box. Mean and standard deviation of the errors are —4.88% and
7.8%, respectively, with respect to the midpoint inductance.

B. Robustness Analysis

As discussed in Section III-C, robustness of the control
scheme depends on operating 7T and w. Therefore, in Fig. 9,
the experimental results of i, v; and ¢,.y are shown for dif-
ferent operating speeds (2000, 3000, 4500 r/min). From these
experimental results, no oscillation in peak of 7; is observed.
Since sequential switching of the phases amounts to a large
signal perturbation in 7,,, these results indicate the stability and
robustness of the proposed control scheme.

For experimental verification, a small perturbation & in «
is introduced at an arbitrary switching interval. Fig. 10 shows
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Experimental results: waveform of 41 and T, while 4. f = 30 A and w = 3000 r/min, for (a) Hysteresis [13], (b) Flux-based MPC [15], and (c) Proposed

PCPM current controllers. Scale: 1 and i,y (10 A/div), T (1 N - m/div), time: 440 ps/div.

the observed d and current error, i.(=iyc; — %4), after a 20%
perturbation in « is introduced at the positive edge of a marker,
T. In Fig. 10(a), the blue and red boxes mark the perturba-
tions in d[k + 1] due to the large-signal perturbation in ¢,, and
small-signal perturbation in «, respectively. Fig. 10(b) shows
the zoomed view of the red box of Fig. 10(a). It is observed that
perturbation in d[k 4 1] is decaying in both cases and there is an
negligible effect on 7. due to perturbation in &. This validates
the robustness of the proposed control scheme.

C. Transient Analysis

To examine the transient behavior of the proposed control
scheme, a small step change 3 A, in i,y is introduced in an
arbitrary switching interval while w = 2000 r/min. Fig. 11 shows
the experimental result of ¢; around a 3 A step in i,.y. Here,
CLK denotes the digital clock signal with a period, 7. Since
i1 is sampled at the negative edge of CLK, the change in 7.
is captured at the sampling instant marked by the red arrow.
It is observed that the peak of 7; settles at the end of the next
switching interval, the instant marked by the blue arrow. Thus,
it confirms the design prediction that the phase current settles in
two switching intervals.

For further validation, the tracking of i,y is also checked
for a sudden change in w,..r, which causes a large step change
in i,¢. To limit the phase currents, upper bound of the cur-
rent reference is set to 40 A. Fig. 12(a) shows the transient
response of iy, i, and w. for a step change in w,.y from
3000 to 3300 r/min, while Fig. 12(b) is the zoomed view
of the dotted box in Fig. 12(c). It is observed that 7, tracks
ires €xcellently during steady state and transient. Also, this
confirms the stability of the proposed adaptive PCPM control
law.

D. Performance Comparison and Discussion

Performance of the proposed PCPM controller is bench-
marked against the conventional hysteresis (HC) and the
model predictive controller (MPC) [15]. The hysteresis band
amplitude [13] for the HC is computed as

Al = E(Vdc - E)/(2Vchmea,nfsw) (65)

where L, cqn 1s the mean phase-inductance and E the back-emf
under rated conditions. AT is calculated for fs,, = 10 kHz to

TABLE IV
COMPARISON WITH EXISTING SCHEMES

Hysteresis [13] [ Flux-based MPC [15] | Proposed PCPM
Toer 30 A
avg 1.47 Nm 1.26 Nm 1.37 Nm
Tpp 159 Nm 147 N'm 096 Nm
Towality 108% 116% 70%
rmse 10.75 A 145 A 7.48 A
Neonv 84.9% 85.7% 85.5%
NSRM 83.9% 83.2% 83.5%

keep it equal to that of the proposed PCPM scheme, whereas
fsampie for HC is 50 kHz. For a given reference current i, ,
the actual current in HC is expected to be bounded within the
limits Iypper and Ijoyer, Where

Iupper = Z-7“ef + AIa Ilower = Z.7’ef — Al (66)

and AT is decided by (65). To realize the MPC [15], 2-D look-up
table is used to store the flux-linkage characteristics in terms of
i and 6. Here, step size of 7 and # are 0.63 A and 0.7° (mech.),
respectively, and the sampling rate is 10 kHz.

Fig. 13 shows the experimental waveform of ¢; and 7, while
I,cy = 30 A at 3000 r/min, for these three current control
schemes. From the experimental waveform, it is clear that the
proposed scheme accurately tracks the reference current, com-
pared to the conventional methods. To quantify performance of
these controllers, various metrics, such as average developed-
torque (7},4), peak-to-peak torque ripple (7},,), torque quality
(Tyuality)> and root-mean-square (I,p,c) of current error, are
evaluated while I,..y = 30 A, at w = 3000 r/min. These metrics
are listed in Table IV. Here, the torque quality is calculated in
percentage as follows:

x 100%. (67)

T,
Tquality =12
avg
From the experimentally measured data, it is clear that the pro-
posed scheme offers higher accuracy in reference tracking and
minimum torque ripple compared to the conventional schemes.

V. CONCLUSION

This article has presented a digital peak current program mode
control scheme for SRM drives. A novel transformation was
first proposed to map all phase-currents into an uninterrupted
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current signal. A predictive current control law was used, which
totally obviated complications regarding the design of controller
coefficients in the conventional PI controller. From a robustness
analysis to examine the impact of estimation error on duty-ratio
and phase current, a stability criterion is derived which dictates
the minimum limit for switching or sampling frequency, consid-
ered numerically identical here. The proposed control scheme
is experimentally validated with a 6/4 SRM drive prototype.
Robustness of the proposed scheme was experimentally vali-
dated at different rotor speeds by injecting perturbations in the
estimated back-emf. Excellent current command following, with
a 2-sample settling time, was experimentally demonstrated for
a small step command. Finally, performance of the proposed
scheme was experimentally benchmarked against conventional
HC and MPC schemes. The experimental results clearly confirm
that the proposed scheme outperforms the existing schemes in
terms of torque quality and reference current tracking.
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