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Finite Control Set and Modulated Model Predictive
Flux and Current Control for Induction Motor Drives

S. A. Odhano, A. Formentini, P. Zanchetta

Department of Electrical and Electronic Engineering
The University of Nottingham
Nottingham, NG7 2RD, United Kingdom

Abstract — The paper presents a new implementation of
direct flux and current vector control of an induction motor drive
using the techniques of model predictive control. The advantages
offered by predictive control are used to enhance the dynamics of
direct flux vector control. To minimize the problems of variable
switching frequency inherent to finite control set predictive
control, an alternative approach using pulse width modulation is
studied for command execution as occurs in the so-called
modulated model predictive control. A comparison between finite
control set and modulated model predictive control is presented
and the results are also compared with the control
implementation through traditional proportional-integral
regulators to highlight the advantages and drawbacks of
predictive control based strategies. Apart from a greater
harmonic content in stator currents, the predictive control can
offers control dynamics comparable with proportional-integral
control while maintaining immunity against machine parameter
variations and excluding the need for controller tuning.

Keywords—predictive control, state estimation, signal sampling,
variable speed drives, induction motors, machine control,
mathematical model, pulse width modulation converters

I. INTRODUCTION

After its conception in the early ‘60s and successful
implementation for industrial process control ever since, the
model predictive control [1-5] has gained popularity in the
recent past for its application in power electronics control [6-8,
19] that has opened a host of possibilities for the control of
power converters. Although this control type’s use has majorly
focused on converter control, the trend of its application for
variable speed drives control is also on the rise [8-18].

Model predictive control’s salient features include faster
dynamics, simpler treatment of actuator constraints, allowing
multivariable control with least complexity, permitting easier
inclusion of non-linearities in the model, adaptability for fitting
specific applications, ease of implementation and extension.
The above advantages, however, do incur a cost in terms of
greater computational power requirements [3], with respect to
traditional control strategies (e.g. linear controllers), as well as
the dependence of control performance on the quality/accuracy
of the plant/process model. In power electronic systems, the
model predictive control, due to its inherent nature resembling
a hysteresis control, requires variable switching frequency
operation that entails greater ripple in controlled variables’
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waveforms. Some of these disadvantages can be circumvented
by mathematical simplifications and limiting the control and/or
prediction horizons, obviously compromising on the overall
control performance.

Current research trends on the application of model
predictive control (MPC) in power electronic systems focus on
the following four macro areas: grid-connected converters,
power converters supplying R-L loads, inverters with L-C
output filters, and high performance motor drives [6]. In the
area of motor drives, MPC has been very successfully
employed for predictive torque control (PTC) [9, 10, 13, 14]
and predictive current control (PCC) [13], and predictive flux
control (PFC) [11] and speed control [15] of induction motor
drives. The research extended the use of MPC to sensorless
[14, 16, 17] as well as fault tolerant [12] induction motor
drives. The MPC’s application range is not limited to three-
phase applications but has also encompassed multiphase
induction machine topologies [12].

Of the many works found in the literature on the subject of
MPC application in electric drives, those most closely related
to this work are [9, 10, 11, 13]. In [9], the authors have
proposed predictive torque control for a multilevel-inverter-
supplied induction motor drive. The multilevel strategy
considerably reduces the torque and flux ripple that is naturally
present in the direct stator variable control schemes (with no
integral smoothening effect of a PI controller). However, the
increased hardware complexity cannot be overlooked. A
modified model predictive torque and flux control strategy is
proposed in [10] that uses the active vectors’ duty cycle to
ensure fixed switching frequency operation. The duty cycles of
the active vectors are optimized through torque dead beat
control. As in other works dealing with torque and flux
predictive control, in this work the selection criteria of
weighting factor to assign right priority to torque and flux
errors is a matter of extensive simulation and experimental
verification. The stator flux’s model predictive control strategy
of [11] is a sequel of [10] and uses the same duty cycle
optimization strategy, here called switching instant
optimization, to achieve flux control.

A performance comparison of PTC and PCC is presented in
[13] with experimental verification. The torque and current
predictive controls are shown to have comparable dynamic
performance but the predictive torque control has lower ripple
than its current control counterpart. In open-loop torque control



mode, both the methods have non-zero steady state error. The
PCC is shown to be sensitive to errors in stator resistance and
the PTC is vulnerable to errors in magnetizing inductance.

In this paper, the MPC is adopted for another control
strategy of induction motor (IM) drive that has recently been
developed, the direct flux vector control (DFVC) [20-22]. This
control scheme combines the advantages of direct flux and
torque control and the current vector control. The control
strategy is first briefly described and then expressions are
derived for use with predictive control algorithms. Simulation
results with a non-linear induction machine model; are given
using the finite control set MPC (FCS-MPC) and modulated
MPC (M?PC) for flux and current control. The results are
compared with the traditional proportional-integral (PI)
regulators based approach and conclusions are drawn by
performing a cost-benefit analysis.

II. MODEL FOR FLUX AND CURRENT CONTROL

The direct flux and current vector control (DFCVC)
strategy is implemented in the stator flux-oriented reference
frame with the d,-axis aligned with stator flux vector (A) as
shown in Fig. 1. The other reference frames shown in the
figure are the rotor flux frame (d, g), the rotor mechanical
frame (dn, gn) and the stationary (o, f) frame. The induction
motor’s dynamic equations in the stator flux-oriented (dy, gs)
reference frame are given by:

Vigs = R, lggs +

dhy,, 48~
"+l o+ — |A 1
dt ]( dtj s M

where R; is the stator resistance, o is the synchronous speed in

rad/s and § is the load angle, while v, , i, , A, are the

dgs
stator voltage, current and flux vectors, respectively. The
subscript ‘s’ refers to the stator flux-frame for which the flux
vector is defined as:

Mis = Ay + jA, =A+ jO=L (2)

dgs

The stator and rotor flux linkages of an IM are related to
current as per (3) and (4).

A =kX +0OLi (3)
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In (o, B) frame

In (d, gm) frame d;;’ =—T'N, +kR i 4)

where o is the total leakage factor and L, is the total stator
inductance; k.= L,/L,, is the rotor coupling factor with L, and
L, being the rotor and magnetizing inductance, respectively,
and, finally, t, defined as 1= L,/R, is the rotor time constant
with R, as the rotor resistance. Equations (3) and (4) are the
basis for the IM flux observer.

Fig. 1. Reference frames definition for DFCVC.

The instantaneous electromagnetic torque of the machine is
given by:

3 .
Tzzplzqs (5)

Transforming (1) to state-space notation, after substituting
(2), yields:

o .
d[ O 0 }\‘ Vds - RS lds

= + (6)
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dt A

It can be observed that the flux dynamics solely depend on
the d-axis voltage command thus a fast flux control can be
achieved by acting on vs. Equation (6) also suggests that the
control of state variable & through gsaxis voltage is not
completely independent of A; the appearing of A in the
denominator of the control action for 6 further complicates the
control scheme and the control design is not straightforward.
Moreover, the torque expression (5) hints at having the g-axis
current as the other state variable for better torque control. It is
possible to transform the second state equation to have iy as
the other state variable; a detailed derivation is given in [23],
here we report the final expression for brevity.
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here R' = Ry + R L/L,, g is the slip speed, and w,, is the rotor
mechanical speed. The new state-space model is then given by

(8).
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III. MODEL PREDICTIVE CONTROL FORMULATION

The state equations defined in (8) can be converted to
discrete-time equivalents using Euler’s approximation for the
derivative terms as:

Ak +1)=A(k)+ T (v,, (k) - R,i,, (K)) ©9)
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where T is the sample time for discretization.

Equations (9) and (10) would serve as one-step-ahead
predictors for the state variables (A and iy,). However, to
compensate for the delay between command generation and its
effective realization, [24] suggests two-step-ahead prediction of
the states. In our case, one state is the stator flux (1) which is
given by the flux-observer that already serves as a one-step-
ahead predictor because the flux-observer’s inputs are the
voltage commands applied at previous switching and sampling
instant, if switching is synchronized with sampling. Thus, (9) is
shifted one step forward in time. We use two-step-ahead
prediction of [24] only for the current (i) state variable, using

(11).
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To further improve i, prediction accuracy in (11), we use
the prediction of stator flux A(k+2) since it precedes i
prediction and does not need iy, for its computation (cf. eq. (9)).
Fig. 2 shows the sequence in which (9), (10) and (11) are
applied for state estimation.

Eq.(9) = Ak +2)

flux observer : v (k). 7, (k) = Ak+1) .
= Eq.(11) =7, (k+2)

current meas. + Eq.(10) = i, (k+1)
: : > kT,
k k+1

= min(g,)= v(k+1)

Fig. 2. State variable prediction and control action calculation sequence.

The cost function (g.) to be minimized to achieve predictive
control is given in terms of reference and actual/predicted
magnitudes of the state variables (A and i) given in (12).

s ap
l:q l:q

Y

+

(12)

Where superscript “*’ is used for imposed reference and ‘p’
stands for predicted value. In order to assign equal weight to
the two dimensionally different state variables, the per-unit
values are used as a rather simplistic way of dealing with a
complex problem. For torque and flux predictive control found

in the literature, the tuning of weights assigned to each variable
is still a matter of research and no empirical tuning method
exists to date [10, 18, 25]. The tuning of weights for flux and
current state variables used here may also be treated in depth in
a future work.

The flowchart of Fig. 3 gives the sequence of operations for
direct flux and current vector predictive control of an induction
machine. When the cost function is evaluated for all the
possible voltage vectors, the vector that corresponds to
minimum value of cost function (g¢..uin) is applied.

Measurement of

iuvw(k)a vdc(k)> O)m(k)

Get states (A, i,,)
using (9)-(11)

Estimate states
with v" (k+1)

Apply v, (g )

Fig. 3. Process flow chart for predictive flux and current control.

IV. FCS-MPC AND M?PC

The finite control set (FCS) MPC with a three-phase two-
level power electronic converter acts within a finite set of
possibilities, which are the inverter switching states consisting
of six active vectors and two zero vectors. The two zero vectors
are identical, and therefore redundant, so only one of them is
considered as a possible command signal to reduce the number
of calculations per execution cycle. As shown in the flowchart
above, once the cost function is minimized, the inverter
switching state that corresponds to minimum value of g, is
applied during the next switching instant. As the available
switching states are limited and, in the absence of a modulator,
the converter must apply a given state for the entire switching
period that not only causes a greater ripple in the controlled
variables and may also entail a variable (albeit reduced)
switching frequency thus degrading the performance of MPC
with respect to its competitors that use modulators (such as the
linear controllers). Besides, an increased switching frequency
will result in greater commutation losses in the power
electronic switches. However, this disadvantage should not be
overstated without looking at the average switching frequency
with FCS-MPC that can be significantly lower than the fixed
switching frequency usually used with the modulator-based
command generation.

An alternative of FCS-MPC can be to apply the voltage
vector that corresponds to minimum cost function through a
modulator. A MPC using pulse width or space vector



modulation (PWM or SVM) is referred to as the modulated
MPC (M?PC). It can be argued that the modulated MPC has
infinite control set as the available choice thus the cost function
minimization becomes an optimization problem, however, by
limiting the output to six active and one zero vectors, the
problem is transformed back to a finite control set one thus
avoiding the use of computationally demanding optimization
algorithms. The flowchart of Fig. 3 for state estimation and
cost function evaluation remains unchanged except the last step
where Viu(ge-min) 18 passed to a modulator that applies the
corresponding inverter switching states with a fixed switching
frequency while complementing the remaining switching
period with one of the two zero vectors that requires minimum
switching operations to minimize commutation losses.

The use of M?PC in our case of direct flux control brings an
added benefit, over FCS-MPC, as it allows limiting the d-axis
voltage that is helpful in containing the di-axis current to a safe
value since it is not feedback controlled. Noting from (8) that a
fast flux control would require the entire available phase
voltage being applied along the d-axis, it may cause the
machine phase current (limited only by stator resistance) to
reach amplitudes that could trigger overcurrent protection. This
feature is particularly helpful when working with low
resistance machines.

V. RESULTS AND DISCUSSION

The block diagram for the implementation of DFCVC
strategy through MPC is shown in Fig. 4. The scheme is shown
for speed control but it can equally be used in torque control
mode. The MPC block can either be FCS-MPC or M?PC, the
output of the block is in terms of switching signals which is
true for FCS case but, for the modulated alternative of MPC,
the block’s output is PWM modulated. The block named
(A, isg) =fVac, ®m, T*) contains the operating point dependent
functions such as flux-weakening, maximum torque per ampere
(MTPA), and maximum torque per volt (MTPV)
characteristics of the machine defined as per [21, 22]. The flux-
observer and field orientation block is expanded in Fig. 5
where DT stands for dead-time compensation and g is the flux
observer’s crossover frequency (in rad/s) between stator and
rotor equation based estimation. The flux observer is
implemented using (3) and (4). The block called ‘Magnetic
Model’ contains the machine’s saturation characteristic as well
as the rotor equation model (4).

Fig. 6 gives results for the scheme of Fig. 4 being used as
FCS-MPC of flux and current vector control. Note that the
machine is pre-excited with a ramp to keep the excitation
current in check. To give a fair comparison, all the schemes are
subjected to this flux ramp. Furthermore, the sampling
frequency is limited to 10 kHz for FCS-MPC to compare all
the three strategies under similar conditions, since M?PC and
PI-based implementation have 10 kHz switching and sampling
frequency. As can be seen in Fig. 6, the excitation current is not
pretty clean which can be expected of the FCS-MPC that
applies a given switching state for the entire switching period.
In Fig. 7, the speed step response with FCS-MPC is shown.
The speed loop bandwidth is 16 Hz in all three cases. The
gs-axis current is saturated to 10 A to limit the total phase
current, this limitation is equally applied to all three control

schemes for fair comparison. At £=0.9s a load torque equal to
50% of the machine’s rated torque is applied.

The results for modulated MPC (M?PC) are presented in
Fig. 8 and 9 for flux and speed (and current) control dynamics,
respectively. The ds-axis voltage is limited to contain the
ds-axis current. This results in deteriorating performance of
flux loop at the instant when the speed step is applied. The
benefits of M?PC can be seen in terms of contained distortions
in iz. The speed response of Fig.9 and the corresponding
gs-axis current response are comparable with those of Fig. 7.

. r tiy-
O P e

Ve

Speed

comEute

Fig. 4. Block diagram for model predictive direct flux and current vector
control for a speed controlled IM drive.

=
205 ] ” \M” ‘\‘ “H
= El
/’M MWW —x
o —A
0 0ol 02 03 04 05 06 07 08 09 i

0 ol 02 03 04 05 06 07 08 09 i
Time [s]
Fig. 6. Flux loop dynamics for FCS-MPC. Load torque is applied at 7= 0.9s.
Top axis: reference and actual stator flux, bottom axis: d;-axis current.
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Fig. 7. Speed step response of FCS-MPC and disturbance rejection for load
torque applied at = 0.9s. Top axis: reference and real mechanical speed,
bottom axis: reference and actual g,-axis current.



A[Vs]

i, 1A]
_F

| i
//
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Fig. 8. Flux control performance of M?PC. Load is applied at ¢=0.9s.
Top axis: reference and actual stator flux, bottom axis: d-axis current.
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Fig. 9. Speed response and current control for M?PC with load torque being
applied at 1= 0.9s. Top axis: reference and actual speed, bottom axis:
commanded and real g,-axis current.

Finally, the control performance with the Pl-based
implementation is shown in Fig. 10 and 11. The closed-loop
bandwidth of the flux and current control is set as 791 Hz and
1080 Hz, respectively. The flux and current loops’ performance
is decisively superior with respect to the FCS-MPC. The M2PC
is bettered in terms of flux loop while the current loop
dynamics are comparable. However, M?PC enjoys greater
immunity to machine parameter variations compared to PI
regulators as the obtained bandwidth of the PI controllers
varies with parameters. Furthermore, the MPC does not require
tuning of PI controller gains. As with other applications of
MPC in power electronics and drives [6], analytical
expressions cannot be derived to prove MPC’s robustness
against parameter variations. Simulations and experiments
performed with detuned parameters could be used to ascertain
the degree of immunity to parameter deviations.
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Fig. 10. Control dynamics of flux loop with PI regulator. Load torque is
applied at =0.9s. Top axis: reference and actual stator flux, bottom
axis: dg-axis current.
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Fig. 11. Speed and current loop dynamics for PI regulators based
implementation. Load rejection capability is verified by applying load
torque at #=10.9s. Top axis: speed step reference and rotor mechanical
speed, bottom axis: g,-axis current’s reference and actual values.

A slight increase in the d,-axis current is observed in all
three cases when the load torque is applied. This is due to the
fact that, with the application of gs-axis current, the machine
saturates that requires greater d,-axis current to maintain stator
flux at the desired level.

Moreover, a comparison in terms of stator phase currents is
shown in Fig. 12 for the three control implementations. The
FCS-MPC draws distorted current principally due to d-axis
noise (cf. Fig. 6). The M?PC and Pl-based control strategies
have comparable current waveforms. Furthermore, for low
resistance machines, the peak phase current can be controlled
in the latter two cases by limiting the d,-axis voltage reference
applied to the modulator which is not possible with FCS-MPC.

In order to compare the FCS-MPC with its modulated
counterpart (M2PC), Fig. 13 gives the converter switching

M
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D
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Fig. 12. Stator phase-U current for the three control implementations.
Top: FCS-MPC, centre: M?PC, bottom: PI.
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Fig. 13. Inverter switching states corresponding to g....., for model predictive
direct flux and current vector control under loaded operation.
Top: FCS-MPC, bottom: M?PC.



states corresponding to the minimum value of cost function g.
for the two MPC strategies. The results are shown only for
operation under load (i.e. £>0.9s). The cost functions for the
two MPC implementations are compared in Fig. 14 for the
entire acquisition period. It can be observed that the M?PC does
have a worse cost function performance at the instant when the
speed step is applied (in line with flux control deterioration of
Fig. 8); however, the cost function minimization performance
is superior to FCS-MPC everywhere outside this time interval.

0.2
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0.05
0
0 01 02 03 04 05 06 07 08 09 1
0.2
0.15
o 0.1
0.05 ]
. !
0 01 02 03 04 05 06 07 08 09 1
Time [s]
Fig. 14. Cost function minimization performance of the two MPC
implementations for direct flux and current vector control.

Top: FCS-MPC, bottom: M?PC.
VI. CONCLUSION

Model predictive control for direct flux and current vector
control of an induction machine is presented. The two MPC
strategies, namely FCS-MPC and M?PC, are implemented and
the performance is compared with the linear (PI) controller
based approaches. While the FCS-MPC demonstrates greater
robustness in the flux loop, it does produce greater harmonic
content in the stator current. The M?PC strategy closely
matches the performance of PI regulators while at the same
time affording the benefits of MPC. By limiting the voltage
command for the flux regulation, the machine’s total phase
current can be limited to safe values; this feature is not
available for FCS-MPC due to its inherent modulator-less
nature.

The idea is initially introduced for simple speed-controlled
drives but will be extended to torque control mode for
experimental work to evaluate dynamic performance for torque
control required for many applications such as traction. Flux
loop performance with MTPA operation can be evaluated to
give a comparison with Pl-based implementation. The
modulated MPC strategy will also be adopted for the direct
flux and current vector control of permanent magnet
synchronous machines in a future work.

VII. APPENDIX
The IM nameplate data and parameters are: rated voltage
400V, rated current 5.08A, frequency 50 Hz, rated speed
1400 rpm, rated torque 15 Nm, R=3.37 Q (25°C), R=2.2 Q
(25°C), Li=Ly=16 mH, Ly-unsar. = 283.3 mH.
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