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Variable Speed Operation of Brushless Doubly Fed
Reluctance Machine Drive Using Model
Predictive Current Control Technique

Karuna Kiran

Abstract—To accomplish an accurate and fast drive control,
model predictive control (MPC) is considered as an effective con-
trol strategy nowadays. In MPC, the voltage vectors required for
inverter control are evaluated considering the control objectives
defined in terms of current or power or torque and flux. The optimal
one is selected using an iterative prediction loop and applied in the
next control interval. This form of MPC is simple in implementation
and shows appreciable dynamic performance but the steady-state
performance is compromised due to the limited availability of the
number of voltage vectors, especially in the case of a two-level
voltage source inverter. The present article explores the viability
of the MPC approach for a new candidate such as a brushless
doubly fed reluctance machine drive considering its secondary
current as the control variable. Moreover, to tackle the steady-state
inferiority issue, the duty-cycle control concept is inducted. In
comparison to field-oriented control (FOC), the proposed scheme
offers a straightforward solution for current control by replacing
the inner current proportional-integral controllers and pulsewidth
modulator with an optimization-based model predictive current
controller. An extensive simulation study in MATLAB, vis-a-vis
comparison with FOC scheme, and experimental validations justify
the claims of the proposed work.

Index Terms—Ac machines, brushless machines, current
control, predictive control.

NOMENCLATURE

R,, R Primary and secondary winding resistances (£2).

Ly, Ls,L,s Primary, secondary winding self and mutual in-
ductances (H).

v,%, A Voltage (V), current (A), and flux linkage (Wb-t)
vectors.

Wp, W Primary and secondary voltage/current angular
frequency (rad/s).

wywrm N, Electrical, mechanical angular speed of rotor in

(rad/s), and the number of revolution per minute
(r/min).
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0, Angular position (rad) of rotor.

Dp> Ds» Dr Primary, secondary, and rotor poles.

0y, 0 Primary and secondary reference frame position
(rad).

Py, Qp Primary active (W) and reactive (VAr) power.

k Discrete time index.

Superscript

LS Rotating and stationary frame quantities.

ref Reference value of a variable.

Subscript

D, S Primary and secondary variables.

d q Direct and quadrature components of a variable.

a, b, c Phase quantities.

I. INTRODUCTION

ECENT research works reveal that the brushless doubly

fed machines (BDFMs) have the potential to efficiently
substitute conventional slip ring induction machine (SRIM)
and singly fed machines in variable-frequency speed control
of motor drives and variable-speed constant-frequency genera-
tion systems [1]. The possibility of using low-cost fractionally
rated inverter for limited speed range applications, improved
reliability of brushless rotor [2], additional manifold modes of
operation, flexible control of active and reactive power, crow-
barless low-voltage ride-through grid integration capability, etc.,
are some distinct advantages to contest with the conventional
choices [3].

The family of BDFMs has two sets of electrically independent
three-phase stator windings sharing the common magnetic
circuit with the involvement of a rotor. The primary winding
is connected directly to a constant three-phase ac supply at
power frequency. However, the secondary winding frequency
is regulated through a bidirectional converter to achieve the
desired speed [1]. In addition, both the windings have different
pole configurations [4], [5]. Various types of BDFM topologies
with different rotor structures are extensively studied in recent
decades, such as cage rotor, reluctance rotor, wound rotor, and
hybrid rotor. The characteristics of these rotor structures and
some exemplary references are enlisted in [5]. The reluctance
and cage rotors are two major types of rotor structures used in
BDFMs. The BDFM drive having a reluctance rotor is simple in
modeling and control and more robust and reliable in off-shore
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applications where the accessibility of rotor is prohibited. In
addition, a brushless doubly fed reluctance machine (BDFRM)
is more efficient and exhibits a low saturation effect than a brush-
less doubly fed induction machine (BDFIM) due to the absence
of rotor circuit and current. The comparative performance eval-
uation reveals that BDFIM has better starting and asynchronous
characteristics; however, BDFRM exhibits better synchronous
operation and doubly fed adjustable speed performance [6].

Scalar control (SC) [7], vector control (VC) [8], direct torque
control (DTC) [9], and direct power control [10] strategies are
well-established control methods in the literature of BDFRM.
In the SC strategy, both the amplitude and frequency of the
controlling parameters are adjusted proportionally maintaining
flux constant. The scheme is a simple solution for narrow speed
range applications where high performance is not of critical
importance [7]. On the contrary, fast, accurate, and efficient
control of the BDFRM drive can be achieved by the VC/field-
oriented control (FOC) approach. The scheme is constrained
to be executed in a rotating reference frame. In this scheme,
the reference frame is oriented either along the direction of
primary voltage vector [8] or flux vector [8], [9], [11], [12], [13]
and the switching pulses for the converter are generated by the
pulsewidth modulator (PWM) and at least three proportional—
integral (PI) regulators. As a result, the primary and secondary
sinusoidal variables are transformed into dc quantities in their
natural reference frames. The primary field-oriented control
(PFOC) strategy provides the inherent decoupling of torque and
flux in motor drive applications and that of active and reactive
power in generating system applications. The control rates and
bandwidth of operation are restricted by the cascaded structure
of speed and current controllers. Moreover, fine-tuning of PI
controllers is required for the stable operation of the drive system
over the entire control range.

In contrary to VC/FOC, the DTC approach is able to control
the torque and flux directly with fast and accurate dynamics
using modest structure. The voltage vector is directly selected
from a predefined switching table on the basis of secondary flux,
its position and torque. The implementation of DTC does not
demand rotating axis transformations, current PI controllers, and
PWM stage. Because of the direct pulse generation strategy, the
scheme is suitable for the applications requiring high dynamic
response. The variable switching frequency and high current
and torque ripples attributed by the hysteresis controllers are the
main drawbacks of DTC that can be curtailed by incorporating
duty-cycle control [14].

The emergence of advanced control hardware platforms has
made model predictive control (MPC) scheme as a promising
alternative for the control of converters [15], [16] and electrical
drives [17]. Hence, the different control aspects of this technique
are the subject undergoing intense study for various machine
drive control in recent decades. Principally in MPC, the discrete
model of the system is incorporated for predicting the future
behavior of the controlled variables, such as current [15], power
[18] and torque/flux [17]. The scheme has the ability to deal
with various constraints, such as overcurrent protection and
switching frequency minimization in a natural way, if utilized
suitably [17]. Moreover, it supports the operation of power elec-
tronic converter having discrete nature with the finite number of
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switching states and a digital signal processor (DSP), which
controls in a sample-based routine. Based on the utilization
of control variable in MPC algorithm, the scheme is classified
broadly as model predictive current control (MPCC) [19]-[21],
model predictive power control (MPPC) [18], and model predic-
tive torque control (MPTC) [22]. The realization of MPCC and
MPPC algorithms is more straightforward than MPTC because
they assess only one type of variable (current or power error) de-
composed in its real and imaginary components in the objective
function. However, in MPTC, the linear combination of torque
and flux errors need to be minimized simultaneously with equal
importance that requires weighting factor tuning to compensate
the differences in physical nature, units, and magnitudes of the
variables [22]. With the ease of simplicity in theoretical structure
and high-performance control, MPCC is drawing attention of
researchers from different fields of electric drives including
induction motors [21], [23], [27] brushless dc motors [24], and
permanent magnet synchronous motors [19]-[20], [25], [26].

Conventional MPCC strategy, as proposed in [28], employs
only one optimal voltage vector among all the feasible voltage
vectors of an inverter during the entire control period. This may
not guarantee the current error to be nullified and may cause
pronounced current ripples in the case of two-level voltage-
source-inverter (2L-VSI) fed drives in particular. Similar to
DTC [14], the steady-state performance of the conventional
single-vector-based MPCC can be improved by introducing the
concept of duty-cycle control [25], [27]. Taking this fact into
consideration, the concept of duty-cycle control is incorporated
in the present work by applying one zero voltage vector along
with an optimal active voltage vector obtained by the conven-
tional MPCC algorithm during one control interval. Moreover,
the hardware time delay is also compensated using a two-step
prediction in order to improve the control accuracy. The pro-
posed MPCC technique is validated with computer simulations
in MATLAB/Simulink and experimentally using dSPACE-1103
controller board. A comparative theoretical analysis has been
performed with respect to the FOC scheme to reveal the potential
of the scheme in the steady-state and transient-state conditions.
The robustness of the drive against parameter variations is
also evaluated. The research work is expected to be a valuable
contribution to the area of control of BDFRM drive.

The article is organized sequentially as follows. Section II
elaborates the mathematical configuration of the proposed
MPCC for BDFRM meticulously. In Section III , few relevant
simulation and experimental results are shown to validate the
effectiveness of the control scheme. Section IV deals with the
comparative performance analyses of the drive under MPCC
with FOC strategy under the same test conditions. In addi-
tion, the impact of the machine parameter variations has also
been considered in the case of MPCC in this section. Finally,
Section V concludes the findings of the present article.

II. THEORETICAL DEVELOPMENT OF THE PROPOSED MPCC
FOR SPEED CONTROL OF BDFRM DRIVE

In this article, the stationary frame machine model is pre-
ferred in designing the controller to reduce the computational
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Fig. 1.  Control diagram of the proposed MPCC scheme of BDFRM drive.

complexity and avoid the complications of coordinate transfor-
mations of inverter voltage vectors. The fundamental properties
of the machine, as discussed in [8] and [13], are used for PFOC
strategy based BDFRM drive control in this article.

The dynamic equations of the primary and secondary voltages
of BDFRM represented in [4] are

Vpg = Rpipg + dhpg/dt —wphy, ¢))
Upg = Rpipg +d 03, /dt + wphiy (2)
Veg = Rsily +d A3/dt — wshg, 3)
0l = Ryidy + 05, e+ wdly @
where
A;d = Lpi;d + Lpscos 0,45, + Lpssin 97.i§q 5)
Apg = Lpipg + Lpssin 0,43, — Lyscos 0,7, 6)
Mg = Lgily + Lpscos 0,8 g + Lyssin 0,45, (7

kiq = Lsigq + Lpssin Gri;d — Lyscos Grz'zq. ®)

Fig. 1 presents the speed control scheme of the BDFRM drive
using the proposed MPCC strategy. The scheme mainly consists
of secondary reference frame position and secondary current
estimation, secondary reference current generation and current
control using the MPCC controller.

A. Secondary Reference Frame Position and Secondary
Current Estimation

The secondary current components and their references are
required to be transformed into their stationary counterparts
as the rest part of the control algorithm is designed in the
stationary reference frame. Consequently, the determination of
the secondary frame position (6;) is mandatory. Under PFOC
condition, the position of primary winding flux with respect
to the stationary reference frame is considered as the primary
reference frame position (6,,), which is used for the calculation
of 0, [8]

A= / (v — Ryis) dt )
0, = tan"" (A, /A5) (10)
0y =0, —0,. (an
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To reduce the number of current sensors and improve the
quality of secondary current waveforms, the secondary current
is estimated using primary variables

i;d = ()‘;T)d - Lpi;d)/Lps

i;q = (LP/LPS) Z;q

12)
13)

B. Secondary Reference Current Generation

Rotor speed feedback is compared with the reference speed
and the error is fed to a PI controller to generate the g-axis
secondary current reference (i%;*") in w, rotating reference
frame. The d-axis current reference (i77°") is set constant for
the decoupled speed/torque and flux control. Moreover, it is
set as zero to achieve maximum torque per inverter ampere

(MTPIA) [8].

C. Current Control Using MPCC Controller

The proposed current controller system is designed mainly
for the predictions of secondary current corresponding to the
inverter active voltage vectors considering delay time com-
pensation, selection of optimal active voltage vector through
objective function minimization, calculation of optimal duty
cycle for active voltage vector, and selection of switching states
for 2L-VSI.

1) Current Prediction Considering Delay Time Compensa-
tion: In the digital implementation of MPCC, the controller
output at kth instant cannot be applied instantly at (k + 1)th
instant due to the updating mechanism of DSPs and micro-
controllers. Therefore, a one-step delay is compensated using a
two-step prediction [29] to achieve better accuracy. The first-step
prediction is considered for the delay compensation.

As the secondary current is used as a control variable in the
proposed algorithm; therefore, the derivatives of the secondary
current components can be developed by substituting (5)—(8)
into (1)—(4) and rearranging as

dily/dt = (1/a)

x {viy—bvpg—cvy, +dis —eis, — Ryl + fis, }
(14)

dig,/dt = (1/a)

S s S -S -S - S -S
X {vsq —cvpgtbuy, —eipg—diy, — figy —Rszsq}

15)
where
a=o0Lg
b= (Lpscosb,)/Ly
¢ = (Lpssinb,.)/L, (16)

d = (wyLyLpssinb, + RyLyscos0,)/L,
e = (wrLpLpscost, — R,Lyssin6,.)/L,
f=Ls(wp —owp), o=1- L;%s/(LpLS)

In this article, Heun’s method [30] is used to discretize (14),
(15) for higher accuracy than Euler’s first-order discretization
[28]. The method involves two stages called prediction and
correction, respectively. The predicted secondary currents as
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obtained by the Euler’s first-order discretization are considered
as the outcomes of the prediction stage. Let they be represented
as i%y(k + 1) and i3, (k + 1), respectively, where

b+ 1) =iz + ()
i (K) — b (K) — e (6) + di (k)

X{ezpq() std()+flzq(k) }

17

) =ity )+ ()
vl () —cusy (k) bus, (k) —eis, (k)

X{— o (k) =~ fity (k) — Rz (F) }

(18)

Herein, (17) and (18) are used as the predictors of the sec-
ondary currents. Furthermore, i5;(k + 1) and ig; (k + 1) are
utilized in the second stage for more correct final predictions
of ij,(k + 1) and i§,(k + 1) as

i, (k4 1) =i, (k) + (T>

a

V3 (k) = buy g (k) — cvp, (k) + dip, (k) — eiy

- (k‘)]

X i, (k)45 (k+1 i5q (k) +35 (k+1)
_Rs{ d()2d( )}‘i‘f{l 2q }
(19)
T
i (k+1)= i (k) + (a)
y Vgq (k) — cvpy (k) + bup, (k) — e(i;d (k)(— diz, (k)
12, (k)+1%% (k+1 i, (k)+igy (k+1) .
_f{_d<>+2d<+)}_Rs{ : }
(20)
Equations (19) and(20) can further be simplified as
Sa(k+1) =i (k+1)+ E
Lsd = lsq 2
R, {i% (k+1) — ( )}
[+f{ls* ]ﬂ+1 —’L } (21)
s -5 TS
zgq(k+1) :zsq(k+1)+ %
)
isq (b +1) =iy (k)

The second step of predictions, i.e., the calculation of 7%, (k +
2) and 73, (k + 2) is presented in Section II-C.3.

2) Minimization of Objective Function: As different voltage
vectors produce dissimilar current variations, it is necessary to
evaluate the effect of each voltage vector individually and select
the best one minimizing the current error. The evaluation is done
in terms of an objective function expressed as

-s_ref

2
9z = |lgq q(k'+2)|

x=1:6

(23)

7iid(k+2 ‘ +|Zs ref
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The calculation of the objective function is done for six active
vectors. The minimum one is stored as gopt. In the rest portion
of the control interval, one of the two zero-voltage vectors is
applied.

3) Duty-Cycle Determination: The optimal active voltage
vector is applied for a fraction of the control period. In general,
zero vectors produce moderate variations of current slopes;
therefore, a zero vector can be used for the rest of the time
interval. Consequently, two pairs of slopes must be calculated
in each of the six steps. The current slopes caused by the optimal
active vector vy, and zero vector v, are (S14, S14) and (soq, Soq)s
respectively, where

. dis, <1> { bvpd—cv + dis }
0d = == _
A ogymvoq \O ~ Rataa fZ
(24)
di?, 1
= =< = — ) v, 25
o dt v =Vopt_d s0a % <a‘> fopt-d )
di? 1 —cus +bv ez
_ Ylsq _(* d
R I O 7 g
dig, 1
S1q = 7 = 50q + o Vopt_q- 27

Finally, the predicted current components at instant k + 2 are
determined as

i5q(k +2) = i34(k 4+ 1) + s1atops + s0a(Ts
zgq(k +2)= igq(k + 1) + s14topt + Soq(Ts

(28)
(29)

- topt)
— topt)-

The optimal duration (t,pt) of the best active vector during
one control period satisfies the following condition:

agopt/atopt =0.

Substituting (28) and (29) into (23), and subsequently using
(30), topt can be determined as

(30)

topt =
7 (= soasia ), [(s1a = s {55 = itk + 1))
* \—s0gS14 + qu +(s14 — Soq){ZS ref — 'q(k +1)}
(s0d — s1)° + (S04 — 51¢)°
3D
where
0, iftopt <O
topt = 7 32)
T, if topt > T.

4) Selection of Switching States for 2L-VSI: The voltage
vectors of 2L-VSI corresponding to their switching states and
the switching patterns of MPCC involving duty-cycle control
are shown in Fig. 2(a) and (b), respectively. The voltage vector
magnitude corresponding to its switching state is given in [17,
Table 4.2]. As seen in Fig. 2(b), the optimal voltage vector
among six active vectors (v1.¢) is applied for the optimal time
duration(t,p ). While optimizing duty cycle, the magnitude of
the applied voltage vector changes only and its direction remains
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Fig. 2. Inverter switching. (a) Voltage vectors of 2L-VSI. (b) Switching in
MPCC with duty-cycle calculation.

unchanged. The zero-voltage vector (v 7 ), which requires the
lowest number of switching transitions, is applied in the residual
time interval (Ts — topt). The algorithm of the above discussed
current control method is summarized as follows:

1) measurement of U;, i;, and Wy,

2) estimation of XZ, 15,0p,05, and 0,.;

3) calculation of 7% and i5.*°";

4) first-stage prediction of 3 (21), (22)

ig(k+1) = fi{vy,ip(k),i5(k), vopt };
5) for x = 1:6, calculation of duty cycle (31)
topt e = fo{iS(k+1),i5"F (b + 1), 81 4,50}
6) second-stage prediction of 2% (28), (29)
5k +2) = fs{ig(k+1),51 4,50 topt_z

7) calculation of objective function (23)
9o = fa{iSTo0, i85k +2)};

8) if g, >= g then go to step 10;
9) else Jopt = Gz»> Vopt = Vg, S1 = S1_x» topt — toptfx;
10) increment of x by 1;
11) if (x < 6) then go to step 3;
12) application of switching states corresponding to vop¢, Vo
for topt, (Ts — topt) interval, respectively.

III. SIMULATION AND EXPERIMENTAL RESULTS

The performance of the proposed control scheme has been
investigated extensively for 30% of speed variations around
synchronous speed through simulations in MATLAB/Simulink.
The method is also executed for real-time experimentations
using dSPACE-1103. The machine specifications are presented
in Appendix A (see Table IV).

A. Simulation Results

A few simulation results are shown in this section to illustrate
the drive performance for the constant-torque variable-speed
maneuver for the proposed MPCC strategy in motoring and
generating modes.

Fig. 3 represents the drive performance in the motoring mode
of operation at 9 N-m load torque. As shown in Fig. 3(a), the
rotor speed tracks the reference speed smoothly throughout the
speed control range. Fig. 3(b) depicts the absolute speed error
in the whole speed ranges whose amplitude lies below 10 r/min
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Fig. 3. Simulation results-1: Variable-speed (750-974-750-525 r/min) and

constant-torque (9 N-m/ 0.5 p.u. motoring mode) operation under MPCC
scheme. (a) Speed tracking performance. (b) Absolute speed error. (c) Torque
patterns. (d) Rotating frame secondary currents. (e) Stationary frame d-axis
secondary current reference tracking. (f) Stationary frame secondary currents.

in steady state and seldom surges up to 20 r/min during speed
transients. Fig. 3(c) shows the torque profile. The electromag-
netic torque behaves smoothly during the transient period also
with the acceptable amount of ripples all over. The decoupled
iyq and ig, in Fig. 3(d) signify the effectiveness of PFOC
condition. The magnitude of 7, is essentially constant for all
operating speed under constant load torque condition. Moreover,
1%, remains zero throughout the MTPIA strategy of the drive. In
Fig. 3(e), it is seen that %, follows its reference iiarEf precisely.
In Fig. 3(f), i}, and 77, are shown at supersynchronous speed.
For the same amount of speed variation from supersynchronous
to subsynchronous speed, the current frequencies remain the
same but phase sequence reverses.

The variable-speed performance in the generating mode of
the drive is represented in Fig. 4. As shown in Fig. 4(a), the
speed of the machine tracks the reference speed precisely during
the course of operation. The amplitude of absolute speed error
is less than 5 r/min in the synchronous and supersynchronous
speed regions but fluctuates between 10 and 20 r/min in sub-
synchronous speed ranges [see Fig. 4(b)]. Fig. 4(c) shows the
primary active and reactive power profiles at 9 N-m shaft torque.
The PFOC and MTPIA conditions are fulfilled in this case as

well, as seen from 77, ; and igq waveforms in Fig. 4(d). Fig. 4(e)

and (f) show that i*,, follows i7" satisfactorily and leads i 4 by

90° in the supersynchronous speed region. The primary winding
is connected to a grid at 415 V [see Fig. 4(g)]. However, the
secondary voltage is decided by the constant dc-link voltage
and the switching-state vector [see Fig. 4(h)].
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B. Experimental Validations

The schematic block diagram and the laboratory prototype
experimental setup are shown in Fig. 5. The system comprises
a BDFRM with its rotor directly coupled to a separately excited
dc machine. The rotor speed, primary phase currents, and line
voltages are sensed and fed to the analog-to-digital converter
ports of the dSPACE-1103 controller board for the execution of
the control algorithms. The primary winding of the machine
is directly connected to mains at 50 Hz, and the secondary
winding is driven by a three-phase inverter for the bidirectional
power flow depending upon the operating speed mode. The
switches of the inverter operate at 20 kHz sampling frequency.
The inverter utilizes 250 V dc-link voltages for 30% of speed
regulation around the synchronous speed. The experiment is
conducted at 4.5 N-m load torque for the motoring (see Fig. 6)
and generating (see Fig. 7) modes of operation for variable speed
conditions. This is to mention here that the experimentation on
higher load is restricted by excessive heating perhaps due to
some constructional flaw in the machine.
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Fig.5. Experimental setup of BDFRM drive. (a) Schematic layout. (b) Labo-
ratory prototype.
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Fig. 6. Experimental results-1: Variable-speed (750-974-750-525 r/min) and

constant-torque (4.5 N-m/0.25 p.u. motoring mode) operation under MPCC
scheme. (a) Speed tracking performance. (b) Absolute speed error. (c) Torque
patterns. (d) Rotating frame secondary currents. (e) Stationary frame d-axis
secondary current reference tracking. (f) Stationary frame secondary currents.

Figs. 6(a) and 7(a) show that the machine speed tracks
the trapezoidal pattern of reference speed very promptly and
smoothly with acceptable speed error, as seen in Figs. 6(b) and
7(b). Fig. 6(c) reveals the electromagnetic torque behavior of
the motor drive at one-fourth of the rated load torque. However,
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Fig. 7. Experimental results-2: Variable-speed (750-974-750-525 r/min) and

constant-torque (—4.5 N-m/—0.25 p.u. generating mode) operation under MPCC
scheme. (a) Speed tracking performance. (b) Absolute speed error. (c) Primary
power. (d) Rotating frame secondary currents. (e) Stationary frame d-axis
secondary current reference tracking. (f) Stationary frame secondary currents.
(g) Primary line voltages. (h) Secondary line voltages.

Fig. 7(c) portrays the active and reactive power flow in the pri-
mary winding of the machine at 4.5 N-m shaft torque. The PFOC
and MTPIA strategies are assured all over, as demonstrated in
Figs. 6(d) and 7(d). Figs. 6(e) and 7(e) depict the tracking from
i2,t0 iijd. Moreover, Figs. 6(f) and 7(f) characterize the phase
sequence relationship of 7§, and ¢7,. The voltages of the primary
and secondary windings are represented in Fig. 7(g) and (h),

respectively.

IV. PERFORMANCE ASSESSMENT

The aspects of the drive performance under the proposed
MPCC scheme and standard FOC strategy as a benchmark are
compared with the same test-rig off-line in MATLAB/Simulink
at different load torques. The steady-state behavior of the drive
systems in terms of speed ripple, torque ripple, and total har-
monic distortion (THD) in secondary current at different oper-
ating points is organized in Table I. The transient responses of
the controllers for step speed change from 750 to 974 r/min are
presented in Table II. In addition, the sensitivity analysis against
parameter variations in the case of the proposed MPCC is also
done in this section.
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TABLE I
STEADY-STATE COMPARATIVE PERFORMANCE [RMSSE: r/min, RMSTE: N-m]

Operating Speed 525 rpm 750 rpm 974 rpm
Load Index MPCC FOC MPCC FOC MPCC FOC
135 RMSSE | 2.68 1.26 0.90 0.37 3.02 22.60
Nn'l RMSTE | 0.38 0.23 0.33 0.12 0.38 0.95
%THD; 5.29 1.95 - - 5.79 22.25
9 RMSSE | 2.15 1.68 0.90 0.22 2.53 1.46
Nm RMSTE | 0.36 0.22 0.34 0.12 0.37 0.29
%THD; 5.73 4.21 - - 6.33 4.54
45 RMSSE 1.78 1.42 0.82 0.15 1.46 1.26
N'm RMSTE | 0.32 0.20 0.33 0.12 0.37 0.20
%THD; 11.48 7.60 - - 11.51 6.67
45 RMSSE 1.94 1.15 1.12 0.22 1.85 1.65
NI.n RMSTE | 0.29 0.22 0.35 0.12 0.38 0.18
%THD; 11.78 7.60 - - 12.64 8.20
RMSSE 3.15 2.57 2.10 0.22 243 2.04
i\?m RMSTE | 0.31 0.24 0.34 0.10 0.40 0.35
%THD; 6.90 6.06 - - 6.25 4.37
RMSSE | 3.73 2.94 2.32 0.30 6.33 4.38
;;5 RMSTE | 034 027 | 035 012 | 041 0.30
%THD; 5.77 31.1 - - 5.29 2.66
TABLE II
TRANSIENT-STATE COMPARATIVE PERFORMANCE
Index Step change in speed (750 rpm to 974 rpm)
MPCC FOC
Rise Time (ms) 23.6 38.5
Settling Time (ms) 125 122
Peak Overshoot (%) 6.43 10.00

A. Comparative Study of Steady State and Dynamic Behavior

The performance indices to judge the excellence of the pro-
posed method in terms of torque and speed ripples are obtained
by root-mean-square speed error (RMSSE), root-mean-square
torque error (RMSTE) (see Appendix B), and percentage THD
in the secondary current waveform.

Table I lists that the FOC-based controller prevails over the
MPCC scheme concerning the steady-state performance due to
the presence of inner current PI controllers and PWM in the
former but at the cost of higher switching losses. However, the
performance of MPCC, including the duty-cycle control con-
cept, is also remarkable. The synchronous speed performance
of the drive is very smooth with lowest ripple in speed and
torque. The speed error increases with the speed variation around
the synchronous speed. It is observed that the torque ripple
decreases and speed ripple increases with the increase in torque
at any speed. However, the system becomes unstable at some
operating points at high load torque. Due to the involvement of
less number of PI controllers, the region of stable operation of
the MPCC-based drive is wider than that of the FOC-based drive.
In the case of MPCC control, the percentage THD in secondary
current is also within a satisfactory range.

The excellence of the drive under the proposed scheme in
respect of transient response is given in Table II. It can be
observed that the dynamic response of the proposed MPCC
scheme is improved significantly than FOC-based approach in
terms of rise time and percentage peak overshoot. However, the
settling time required to bring the rotor speed to its reference
value in the case of MPCC is marginally sluggish than that of
FOC.
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TABLE III
RMSSE (r/min) IN STEADY STATE FOR PARAMETER VARIATIONS

Para- Speed Ty, (Nm)
meter | (rpm)| | 13.5 9 4.5 -4.5 -9 -13.5
2R, 525 321 242 1.85 1.96  4.01 13.54
remaining 750 1.35 1.27 1.03 1.29 2.16 435
nominal 974 378 258 201 | 2.14  2.63 7.60
2R 525 286 233 1.76 | 2.25 3.81 10.18
remaining 750 1.05 097 090 | 1.15 2.1 2.55
nominal 974 344  2.55 194 | 1.96 2.63 6.72
1.3 L 525 2,67 234 1.83 | 2.00 3.66 9.33
remaining 750 090 1.01 097 | 1.22 1.95 2.47
nominal 974 284  2.56 1.62 | 2.04 28.15 13.25

B. Influence of Parameter Mismatch and Variations

The MPCC uses the machine model; therefore, the exact
information of system parameters is crucial for good control
quality. However, it is not possible to get their precise values
due to the measurement imperfections, temperature variations,
instance disturbances, saturation, and time delay. With these
limitations, the drive system performance may deteriorate to
violate the PFOC and MTPIA strategies or worsen up to in-
stability. BDFRM operates at almost constant-rated primary
flux due to the direct connection to the grid. This leads to a
minimal variation in primary self- and mutual inductances under
all the operating conditions. Therefore, the effect of variations
of secondary inductance is analyzed here only. In addition, the
resistances of an electric machine increase noticeably during
continuous operation under loaded conditions due to tempera-
ture variations. Therefore, the impact of primary and secondary
winding resistance variations on the drive’s performance is stud-
ied at subsynchronous (525 r/min), synchronous (750 r/min), and
supersynchronous (974 r/min) speeds for different load torques
in MATLAB/Simulink.

In Table III, the performance analysis is done for 100%
changes in primary and secondary resistances and 30% vari-
ations in secondary inductance individually in the controller
keeping the other parameters at their nominal values. It is
observed that the controller responds satisfactorily even for
these abnormal changes reflecting marginal upsurge of ripples
in torque and speed profiles under the investigated range.

V. CONCLUSION

In this article, the MPCC strategy is proposed for the field-
oriented speed control of the BDFRM drive. The MPCC con-
troller comprises the concept of duty-cycle control to increase
the degree of freedom with regard to the switching states of
2L-VSI. In this respect, a zero-voltage vector is allocated in
the control algorithm for a fraction of one control period along
with an optimal active voltage vector because it produces the
smallest change in control variables. The optimal duration for
the application of the active- and zero-voltage vectors is based
on the minimization of corresponding current slopes.

The scheme is experimentally validated for the speed control
of BDFRM drive in motoring and generating regimes. The rel-
ative merits of the proposed scheme over the conventional FOC
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scheme are emphasized. The scheme has significant advantages
of a good dynamic state at lower switching losses than FOC. The
design aspects of the proposed technique are enlisted as follows.

1) The use of secondary current as a control variable makes
the MPCC scheme analogous to FOC.

2) Execution of the algorithm in the stationary reference
frame requires a lesser number of axes transformations.

3) The absence of inner current PI controllers avoids the hec-
tic tuning of PI controller gains, increases the bandwidth of
operating regions, and improves the dynamic performance
of the drive system.

4) The use of a discrete system model for the direct gen-
eration of switching states of the inverter excludes the
involvement of any PWM; thus, the implementation com-
plexity is reduced.

5) Secondary current error based online optimization algo-
rithm attributes good speed tracking performance.

6) The inclusion of the duty-cycle concept in the control
algorithm improves the steady-state performance of the
drive system by reducing current ripples.

Similar to the conventional MPCC approaches, the involve-
ment of the enumeration-based objective function evaluation
combined with the duty-cycle calculation further intensifies the
computation process of the present approach. As a result, the
fast-acting processor is also mandatory for its real-time imple-
mentation. In addition, the principle of deadbeat control can be
embraced to tackle the control complexity and the computational
burden. Moreover, the controller performance against machine
parameter variations can be resolved with suitable estimation
techniques.

APPENDIX A
TABLE IV
MACHINE SPECIFICATIONS FOR THE PROPOSED WORK
BDFRM rating DC machine rating
Rated power 1.6 kW Rated power 1.5 kW
Current 3/23A Rated current 8 A
Line voltage 415/415V Rated voltage 220 V
Primary supply frequency 50 Hz Rated speed 1500 rpm
No. of rotor, primary and Type Separately
4,6,2 .
secondary poles -excited
Primary and secondary 102 Q, Duty CMR (S1)
winding resistances 128 Q
Primary and secondary 0.38 H,
winding self-inductances 0.54 H
Prilmeliry and secqndary 032H
winding mutual inductance
Rotor inertia 0.035 kg m’
Friction coefficient 0.0014
APPENDIX B

RMSTE and RMSSE can be expressed as

1 N
RMSTE = N\/Zk_l (T — T. (k) (B1)

1 N
RMSSE = N\/Zkl (Nref — N, (k))>  (B2)

where N is the number of discrete samples over a period of 10 s.
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