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Abstract—The current work presents speed, torque and flux control of an induction motor (IM) drive, founded on model predictive
control (MPC) .Via the MPC techniques, the motor electromagnetic torque and flux linkage are controlled as an internal loop.
However, the speed is controlled as the external loop. The internal control loop is founded on finite control set FCS-MPC, and the
external control founded on the torque PI controller. The performance of the MPC is tested with various conditions of the drive
operation, and the outcomes approve the excellent steady-state and dynamic operation of the system in a wide range of speeds and
with torque disturbance.
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1. INTRODUCTION

The Direct Torque Control (DTC) method selects the calculated magnitude of stator flux and the calculated torque as the two
control state variables. It utilizes a closed-loop feedback control assembly to make the flux and torque errors not exceed the
hysteresis band (a predetermined band limit) [1-4]. The errors are estimated as the variance between the reference and the calculated
value of the flux and torque. DTC requires the application of hysteresis band comparators as an alternative of flux and torque
controllers. The DTC employs a pre-defined search table to choose the switching procedure based on the inverter mode. Merits of
DTC strategy are concise as, rapid transient response, easy configuration and minimal parameter reliance [3-6]. However, the old
DTC method has the disadvantages of significant-high torque and flux spikes. As probable substitute control plans, MPC is applied
to the DTC to assuring the straight selection of the suitable switch states.

MPC employed to power electronics has two chief variations: Continuous Control Set MPC (CCS-MPC) [5], [6] and FCS-MPC
[6]. The CCS-MPC estimations use the result of an adjusted drawback and a modulation phase produces a switch state of the
converter stimulation. FCS-MPC utilizes the separate character of the power converter and a model of the load to resolve the
adjustment problem comprehensively. FCS-MPC was utilized in many purposes, like conventional 3-phase 2-level inverters [8], [9].

Lately, MPC has gotten a high consideration in power electronics and motor drives because of the compensations of simple
perception, fast-answer in addition to an excessive flexibility to include numerous restraints [10-12]. Several investigations have
been performed on the correlated application of the MPC in power electronics and drives. Limited Control Set MPC (FCS-MPC),
between MPC methods, is the exclusive one because of the discrete character of an inverter and giving the best solution for the on-
line optimization challenge. Additionally, easy digital employment and guarantee of nonlinearities and restraints of MPC were
additional characteristics of this algorithm [13-15].

The Predictive-Torgue Control (PTC) method, utilizing FS-MPC in directly torque & flux controlling of an 1M, was introduced
in [16]. In PTC for an IM, a rule like the DTC is employed [1, 26]. The core attention of PTC is the estimate of torque and stator
flux for every probable inverter switching modes. At that time a pre-defined cost-function estimates forecast values and lastly, a
trajectory that has a minimum cost-function is elected. The system constrictions, numerous control objects and variables may be
added to the cost-function simply. This plan doesn’t want Park transformation, exterior tuner, tuning technique of the controller’s
components and internal current control loop. However, PTC wants a high-frequency sampling to achieve high-performance. The
Implementation of PTC algorithm extends the period significantly, and this leads to the sampling of low-frequency and unsought
influences on the functioning of the drive system.

Wang, Demonstrated the FS—-MPC as a modern method. FS—-MPC is more straight forward in the concept of design, it has a fast
dynamic and good torque response; the experimental results verify that all strategies theoretical [17].

Shafiq Odhano, Stated that an MPC as a substitute to the linear controller-based Direct flux and current vector-control of IMs, a
judgment among MPC and PI controller, was performed by experimentation. Simultaneously, the FCS-MPC results rich harmonic
content in stator current that negatively impacts the drive presentation and efficiency. However, MPC has benefits over PI regulator
in that the controller tuning is not essential with MPC [18].

Cristian Garcia, presented a cascaded construction for the control of an IM which is concerned utilizing the FCS-MPC. The
control strategy has two loops, external and internal. The control external-loop is for speed. In contrast, the internal-loop controls the
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stator current. The experimental consequences illustrate that the planned strategy has a performance that is matching the classical
control plans but that it is overshoot-free and gives an improved response time [19].
2. MATHEMATICAL MODEL oF THE IM

In the current reference framework, the stator voltage v, of IM consists of a stator resistance voltage decrease and the alteration
rate of the stator flux-linkage. The IM stator voltage function (in stationary (o« — B) reference frame) could be described as follows
[1, 25]:

US = RSiS + p leS (1)

Where,
Vs = [Vsq VSB]- i = [isq isB] and ¥, = [q”sa llJSB]
The electromagnetic torque equation has the following expression:

Te = 1.5y (isa Psp — ispPsa) 2
The dynamic mechanical system equation may be presented in the subsequent method:
T,=T,+]pw, + D w, (3)
The rotor angular speed is given as the time differentiation of the rotor position angle:
wy =p 6, 4)
Preserving the stator flux to be constant, the difference of the electromagnetic torque (T.) depending on the path of the used voltage

vector, such that:

P M o
o7z | sl sin(8 ¢ ) (5)

T,=0 —————
e 2L Lg—

where § is the angular speed of the stator flux-linkage relative to rotor flux-linkage. The equation of torque demonstrates that the
torque could be controlled via controlling the relative speed among the stator and rotor fluxes at steady stator flux amplitude. As the
electrical time-constant is significantly lower than the mechanical time-constant, the torque could be controlled via controlling the
velocity of stator flux.

3. THE DYNAMIC MODEL OF THE IM
The IM dynamic model could be mentioned by the differential equations [25, 26]:

d:fr = %iﬁs - f—:‘l’gr + w0 Wor ®
% = % lgs — }Z—: Yor — wr¥pr ©)

where p is a differential operator; Rg, R, are the stator and rotor resistance, respectively; w, is the rotor speed, s is the slip, and P is
the pole-pairs.
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4. DERECT TORQUE CONTROL OF IM

The selection of the stator voltage vector regarding the difference among the reference flux & torque and their real values is the
DTC basic principle [1-6]. To generate digital signals, the errors are fed over the separate hysteresis band matchers. The 3D look-up
tables subsequently choose the suitable voltage vector to fulfill the flux & torque commands. The compensations of DTC strategy
are briefed as a simple configuration, fast transient reply, and fewer parameter requirements [3-6].

The DTC is guaranteeing the straight selection of the optimal switch-modes, and so the stator voltage vector so as to retain the
flux & torque errors does not exceed the hysteresis-band (a predetermined band limit) [1-3]. The errors were estimated by the
variance among the reference and the estimated values of the flux & torque dissimilar to the FOC. The DTC needs the use of
hysteresis band comparators in place of flux & torque controllers. The DTC utilizes a look-up table to choose the switching-process
founded on the inverter states. The stator flux-linkage components can be getting it from the following equations:

lflozs = f(vas - R ias) dt + lpas(o) (11)

lpﬁs = f(UBS - Rs lBS) dt + lPBS(O) (12)

where W, (0) and W, (0) are the primary-condition of stator flux parameters.

For the IM, the stator flux primary values are set to zero [1]. The stator flux value could be calculated as:

|| = /Aasz + @7 (13)

The electromagnetic-torque could be calculated by stator current and calculated stator flux as:

3. .
Te = E P (las lyﬁs — lﬁslpas) (14)

If the time-period is appropriately short, ignoring the stator resistance voltage drop, the practical voltage space-vector gives a stator
flux alteration having a similar path of the voltage space-vector. The value of stator flux space-vector was reserved stable by the
application of the suitable voltage space-vectors. Simultaneously, the phase angle of the stator flux space-vector may be quickly
altered by the application of voltage space-vectors, leads to a fast alteration of the torque-angle. Then the electromagnetic-torque
could be quickly altered by altering the torque-angle in the needed path.

Briefly, the torque may be controlled by voltage space-vectors. For every part, two voltage vectors were chosen to raise or reduce
the value of stator flux. A look-up table gives the switching-states to the control of height and direction of the stator flux. In this
table, O is the area number for stator flux-linkage, Hy is the hysteresis-controllers outputs for flux-linkage and Hy is for torque.
The block drawing of an IM drive with velocity control founded on DTC scheme is presented in Fig. 1. The stator currents &
voltages are measured and converted into equivalent o — B values. The stator flux and electromagnetic-torque are assessed by
measuring the current & voltage. Alternatively, the motor velocity is matched with the reference one to produce the torque-
command. The torque & flux commands are matched with the equivalent calculated values and the errors are fed within the
respective hysteresis-band comparators so as to produce a digital signal. A 3D look-up table at that time picks out the suitable
voltage vector to fulfill the flux & torque commands. The controlling switching-states of the amplitude and stator flux direction are
shown in a look-up table [5].
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Fig. 1. DTC scheme.

5. PROPOSED MPC BASED IM DRIVE
5.1 Basics of The MPC

The MPC is one of the best methods of control because of its merits of rapid dynamic reply, intuitive concept, the capability to
handle many nonlinear limitations multivariable control, and so on. For IMs of high-performance frequently torque and stator flux
are elected like a control variable. In conventional MPC, a cost-function concerning the torque & flux errors is outlined and
assessed for every voltage vector and the one minimalizing the cost-function is elected like the best voltage vector [14].

In the MPC, the system model is taken into account so as to count the upcoming variables performance within a time frame
(integer multiplication of the sample-period). These estimates are founded on a cost-function and subsequently reduces the cost-
function is selected, finding, in this method, the upcoming control activities. Solitary the first value of the order is used, and the
algorithm is considered each sample-time again. MPC has numerous compensations as the simple presence of nonlinearities and
restrictions. This arrangement has limited uses in the power converter control and drives because of the high values of calculations
required so as to resolve the regulation drawback online [24].

An additional method for implementing MPC in the power converters and drives was to utilize the benefit of the power converters
discontinuous character. Although the power converters have limited switching states, the MPC optimization difficulty could be
simplified and decreased to the estimate of system performance solitary for those probable switching-states. So, every estimate is
employed to assess a cost-function (also identified as quality or decision function) and subsequently, the state with the smallest
cost is elected and created. This method is identified as a FCS-MPC; also the probable control deeds (switching-states) are limited.
This technique additionally identified as limited alphabet MPC or easily as predictive control, and it was effectively functional to a
widespread-range of the power converter and drive uses [21].

: — > Minimization of S > J
X<y | Predictive Cost Function a 3¢
Model S, |'\I p— M
X(K+1) S.

Fig. 2. General MPC Scheme.

5.2 The MPC scheme

MPC is one of the best control approaches owing to its qualities of obvious concept, multi-variable control, rapid dynamic
response, capability to handle several nonlinear constraints, a model of the arrangement is measured so as to expect the upcoming
performance of the variable quantity over a time frame, These calculations are assessed founded on a cost-function, and then, the
arrangement that reduces the cost-function is selected, gaining, in this method, the upcoming control actions. Only the first order
value is used, and the algorithm is intended once more every sampling-period.

A block drawing of the predictive control arrangement is introduced in Fig. 2. Quantities of several variables x(k), as currents,
voltages and velocity, were employed by the predictive-model to compute the upcoming controlled-variables values x(k + 1) for
the complete probable voltage vectors. These calculations are assessed via the cost-function regarding the reference values x* (k).
The voltage vector (or switching-state) that reduces the cost-function is elected and used within the following sampling-time. The
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subsequent paragraphs give several examples of the applications of the control scheme. Altogether the control arrangements were
estimated via a cost-function g and a discrete-period model employed in calculation. It is revealed that the error of the
current/torque/flux in an IM, the rapid power and the DC-link voltage are variables that could be controlled.

5.3 The PTC method

The PTC utilizes the basis like to DTC. In this arrangement, the best voltage vector is elected by approximation, calculation and
cost-function optimizing technique [22]. An easy prognostic torque control arrangement is introduced in Fig. 3. In PTC technique,
the stator & rotor fluxes at the current sampling-stage k are assessed. The stator & rotor fluxes estimate could be calculated by:

?,00 =9 (k — 1) + T, T, (k) = RyTeis (k) (15)
5,00 = 725,00 + 1,00 (L~ =) (19)
o, L9 s me

where $ is the assessed value of ¢ and T is the sampling-period.
6. TORQUE AND FLUX PREDICTION

A Guess of stator flux ¢@_ and electromagnetic-torque T for every voltage vectors of 2L-VSI necessary to be performed. The
stator flux will be guessed:

@, (k +1) = §,(K) + T, By(k) = R, TL: () (17)
The torque calculation is connected to the calculated stator flux and current values; thus, the torque calculation function is:
TP(k + 1) = ;p Im {af (k + Do (k + 1)} (18)
It is essential to guess stator current for instant k + 1. In this circumstance, the current calculation is,
-p Ts\ - T, 1 17k, A\~ _
Pk +1) = (1 + Z) L0+ {R_U [(T— —k, w) .00 + vs(k)]} (19)

The stator flux was introduced in relations of the inverter voltages v (k), thus 7-various calculated stator flux and torque values are
gotten. The values are assessed in a cost-function is chosen as the best vector. In the conventional PTC arrangement, the
subsequent cost-function is employed :

gn = IT" = TP(k+ D + Ap|ps — 9L (k+ 1) (20)

where Ay is the weighting factor that introduce the control objects rank.

« 3—p IM
@ N T Cost Function —r
—TCAD—> =Y Minimization ——— = 2L -VSI —f—a» (O
— Eqg. (20) A
1224 P, ~p —
T °kk+D T Dk+D .
Torque & Flux 1.
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Eqg. (17) , Eg. (18) ~+—
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I

Fig. 3. PTC scheme.
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7. CONTROL SCHEME BASED MPC

Recently, a lot of studies were performed on the MPC implementation in the drives and power electronics. The MPC methods
that have been employed in Power Electronics were categorized into two core types [12, 14]: FCS-MPC and CCS-MPC. In the first
set, a modulator produces the switching-states beginning from the predictive-controller continuous output. On the contrary, the FCS-
MPC method uses the benefit of the switching-states fixed number of the power converter for resolving the regulation limitation. A
disconnected model was employed to expect the system performance for each allowable actuation arrangement up to the prediction
limit. The switching act that reduces a pre-defined cost-function is eventually designated to be used in the next sampling-period. The
chief benefit of FCS-MPC was the straight use of the control action to the inverter, with no need of a modulation stage [23-24].

The PTC method, using FS-MPC in IM direct torque-flux control, is based on the torque and stator flux estimate for every
possible inverter switching-states. A pre-defined cost-function assesses predicted values, and eventually, a vector by lessening the
cost-function is elected. The system restrictions, some control items and variables can be easily added to the cost-function. This plan
doesn’t require Park transformation, external modulator, modification practice of the controller’s parameters and the loop of internal
current control [26].

Expensive DSP or FPGA hardware must be introduced to surmount the high computational problem of this algorithm.
Furthermore, the limited amount of the inverter switching-states, laterally with the opportunity of using numerous successive
switching-states, leads to variable switching-frequency. These two core drawbacks lead to difficulties of the PTC implementation in
industrial systems [7].

Concerning the complex computational problem, it was proved that the number of permissible switching-states of an inverter has
a high effect. So, multi-level inverter approaches are not extensively utilized with FS-PTC in industrial uses [9, 10].

8. RESULTS AND DISCUSSION

The IM drive Parameters are listed in Table 1. The IM drive based MPC has been tested under operation conditions using the
proposed control scheme of fig. 3. The reference and actual values of torque/flux/speed are given in different cases in order to
demonstrate the drive performance.
8.1 Casel

Figure 4 displays the act of the drive system at forward and opposite velocity, the amplitude of stator flux with a stable value of
(0.71 wb). And the timing sequence as following, At (t = 0 sec.) the motor is started, during (2 sec.) reference speed is increased
linearly up to (10 rps), and kept constant for (2 sec.), at (t = 4 sec.) reference speed decreases linearly up to (-10 rps) and kept
constant for (2 sec.), at (t = 8 sec.) the reference speed goes to (0 rps) in (2 sec.), the load-torque is kept constant at (10 Nm) during
simulation period, from the consequences, a good dynamic act has been accomplished at the circumstance of changing speed in
forward and reverse, and it may be noticed that the real electrical torque could follow the reference torque splendidly.
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Fig. 4. The performance of IM drive-based MPC for Case 1.
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8.2 Case 2

Figure 5 shows the real velocity can track the reference velocity, the phase current is sinusoidal, and the amplitude of stator flux
with a stable value of (0.71 wh). While the timing sequence as following, At (t = 0 sec.) the motor is started, during (2 sec.)
reference speed is increased linearly up to (10 rps), and kept constant for two second, at (t = 4 sec.) reference speed decreases
linearly up to (-10 rps) and kept constant for (2 sec.), at (t = 8 sec.) the reference speed goes to (0 rps) in (2 sec.), the load-torque is
reserved steady at (18 Nm) during simulation period, from the consequences, an excellent dynamic act was accomplished at the
circumstance of altering velocity in forward and opposite, and it could be noticed that the real electrical torque can follow the
reference torque wonderfully.
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Fig. 5. The performance of IM drive based MPC for Case 2.

8.3Case 3

Figure 6 displays the act of the drive system at forward and opposite velocity, stator flux height with stable level of (0.71 wb). At
(t = 0 sec.) the motor is started, during (2 sec.), reference speed is increased linearly up to (200 rps), and kept constant for (2 sec.), at
(t = 4 sec.) reference speed decreases linearly up to (-200 rps) and kept constant for (2 sec.), at (t = 8 sec.) the reference speed goes
to (0 rps) in (2 sec.), the load-torque is reserved steady at (10 Nm) within simulation period, from the consequences, a better
dynamic act has been accomplished at the circumstance of changing speed in forward and reverse.

@ 200/ — —Rel [ | ® ias|
Eool _— =] 2 | —5
g 200 S E |
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L 0 5 10 0 5 10
time(s) time(s)

Fig. 6. The performance of IM drive based MPC for Case 3.
8.4 Case 4

The consequences demonstrate the real velocity can track the reference speed, and the stator flux height with constant amount of
(0.71 wb). And the timing sequence as following, At (t = 0 sec.) the motor is started, during (2 sec.) reference speed is increased
linearly up to (200 rps), and kept constant for (2 sec.), at (t = 4 sec.) reference speed decreases linearly up to (-200 rps) and kept
constant for (2 sec.), at (t = 8 sec.) the reference speed goes to (0 rps) in (2 sec.), the load-torque is kept constant at (13 Nm) during
simulation period. The performance of such case of study has been shown in fig. 7.
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Fig. 7. The performance of IM drive based MPC for Case 4.
8.5 Case 5

The results evidenced a good dynamic performance, quick recovering from load disturbance, the phase current is sinusoidal,
And the timing sequence as following, A load-torque of (5 Nm ) is employed on the motor at starting, after (2 sec.) and is changed
to (19 Nm) and return to (5 Nm) at (t = 4 sec.) and it kept at this value within the residual simulation interval, the reference speed
remains constant at (10 rps) during simulation period, the results show the over-shoot and dip of the actual velocity. The
performance of MPC based drive has been shown in fig. 8.

8
&

g oo W —Ref - ‘ —ias
\L’ “ — < oo 1 s} . —
T 0 11 11 \‘ﬁ Act T 0 el ’!f'H e ibs
5 10 10 o PRI
& |9l )y s I
1)
ool 19 . 23 39 41 | 5 ' ' ' |
0 2 4 6 8 10 0 2 4 6 8 10
Time(s) Time(s)
E X Lo I Ref
[E——— w ="
o 10 \{05
5 o 3
o T
F-10 0
0 2 4 6 8 10 0o 2 4 6 8 10
Time(s) Time(s)

Fig. 8. The performance of IM drive based MPC for Case 5.
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Table 1. IM Parameter.

Symbol Parameters Values

Vg Rated voltage 380v
n, No. pole pairs 1

f Rated frequency 50 Hz
R, Stator resistance 1.20
R, Rotor resistance 1Q

Lg Stator self-inductance 175e*H
L, Rotor self-inductance 175e*H
Ly Magnetizing inductance 170e 3 H

J Moment of inertia 0.062 Kg. m*
Yen Nominal stator flux 0.71 Wb
T, Nominal torque 20 Nm
Ry Core-resistance 2186 Q0
T, Sampling-time 4 e sec.
K, Proportional gain 3.016
K; Integrative gain 0.141

9. ACKNOWLEDGMENT

A MPC of IM drives is introduced in the current work. The FS-MPC is a modern method for electrical drive systems which has
fast dynamics and good torque response. The controller controlled straight the inverter switches to follow the IM velocity path,
the controller does well in following the velocity path at low and high velocity. A cost-function involving of following error of
stator flux and electromagnetic-torque to elect the finest voltage vector, the MPC controller has several compensations. In addition
of being simple to construct and to be implemented, it has a very rapid reply, lesser ripples over currents and electromagnetic-
torque relative to the traditional DTC approach. The simulation consequences display that the drive reply has several benefits: very
rapid reply, robustness in contradiction of load variations and well following-up of velocity path at both low and high speeds.
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