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Accenting the importance of Model Predictive Control (MPC) accross used optimization 

tools in current engineering applications, the proposed scheme establishes the predictive skills by 

well-defined mathematical model in terms of present state variables. This paper projected a predictive 

current control (PCC) approach scheduled by fininite control set(FCS) inverter switching mechanism  

executed by a current modulated objective function.. The anatomy of this controller deals with selecting 

the control signal from a finite set of signals which satisfies minimum value of the 

predefined objective function, which is formulated by calculating the square error, i.e. the 

reference current against the stator measured current of the designed induction motor (IM). 

The proposed work further enriched with an improved predictive aspect named as integral 

finite control set (IFCS) action synchronized with a cascade feedback structure with 

appropriate controller gain to obtain an optimal set of control variables. With the direction 

in minimization of principle, these methods provide the control of the switching states for 

inversion, to the inverter and inverter generates actuating voltage signals to the induction 

motor. IFCS-MPC has the inherent capabilities of compensating steady state errors and 

slewrates which potrayed this as the preferred forecasted controller as compared to FCS-

MPC. This work is also advanced with a comparative demonstration of torque, load currents 

and speed characteristics of IM, obtained from each of the implemented control techniques 

to identify the most flexible and dynamic predictive strategy. All these control methods have 

been investigated using MATLAB/Simulink environment. 
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I. INTRODUCTION 

In electrical field, MPC has been more effective to utilize 

and the control the switching of power converters, synchronous 

and induction machine drives and for various power system 

parameters control. Wide range of predictive control algorithms 

have been implemented by many researchers. MPC has received 

widespread attention due to its flexibility, robustness and fast 

dynamic responses. MPC topology can be categorized in to 

analogous mode, i.e. continuous control set (CCS) and discrete 

mode, i.e. finite control set(FCS) , depending on their operation 

and control actions.  

Predictive current control schemes for power converters 

and electrical drives have been proposed in [1], which 

demonstrates CCS-MPC algorithm, receding horizon control 

principle with forward Euler approximation and cost function for 

discrete time load model of PMSM (permanent magnet 

synchronous motor) for switching states of the inverter. The 

introduction of Integral FCS is to minimize the steady state error 

those cannot be significantly reduced by FCS. Implementation of 

IFCS in AC motor drive to analyze the steady state error in d & q 

axis currents has been presented in [2]. Earlier to the evolution of 

MPC techniques conventional controllers such as PI, PD, PID 

have been used widely. 
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In [3], the algorithms of FCS & IFCS MPC topologies to 

control various synchronous and asynchronous motor drives have 

been designed and compared with conventional controllers. A 

new FCS MPC technique to regulate the flux dynamics of an 

Induction Motor is proposed [4]. In this control approach, to 

minimize the problems associated with switching frequency 

PWM technique is implemented. A comparative study between 

FCS & CCS method has been highlighted in [5]. This work 

discussed the execution methodology of both FCS & CCS action 

such as modulation control and SVPWM control scheme 

respectively. Predictive control strategy of an inverter fed IM 

drive can be designed with current evaluation or with flux/torque 

evaluation [6]. This study provides the practical perception of 

MPC for converter fed drive systems. In order to diagnose the 

performance of IM various strategies have been incorporated, 

considering the field oriented control, with the direct torque 

control and the predictive controllers [7]. Basically optimization 

problems are assigned with specific cost functions depending on 

system parameters. To achieve fast dynamic behaviour of 

Induction machine an innovative control strategies with two 

different objective functions have been defined for both torque 

and flux respectively [8]. A MPC scheme has been proposed in 

[9] to direct flux control of multi-three phase structure induction 

motor for improvement of the fault tolerant behavior of the drives 

by independently controlling the three phases. IFCS MPC 

strategy for a single phase Z-source inverter has been 

implemented in [10] to compensate the steady state error caused 

by FCS method. 
 

 

II. RELATED WORKS 

FCS MPC is found to be a promising control method for 

converter fed IM drive. Two case studies of inverter fed induction 

machine with and without LC filter have been analyzed in [11]. A 

predictive control approach is proposed in [12] to determine the 

length of control horizon of an induction motor drive. As already 

discussed in the earlier literature, predictive control can be a fast-

acting action for optimal control of inverter switching states [13]. 

Generally finite control set based controller provides fast dynamic 

response and overcomes the limitations of conventional PI 

controller. In [14], a deadbeat FCS predictive current control 

topology has been proposed for enhancing the IM dynamics. The 

adaptability, robustness and flexibility of FCS technique has been 

compared with classical controllers [15] and a sliding mode based 

MPC method has been introduced for torque and flux control of 

induction motor [16]-[17]. Field oriented control of a three-phase 

induction motor by constraints incorporated FCS-MPC method 

with direct current control strategy is demonstrated in [18]. 

Through this algorithm the deviations between desired currents and 

predicted currents can be minimized. Apart from single or three 

phase IM, predictive mechanism has also provided a genuine 

control algorithm for multi-phase machines such as five phase or 

six phase [19]-[21] to optimize the machine performances. To 

regulate the phase angles of stator phase currents a predictive phase 

angle controller has been assigned [22] and overall machine 

characteristics have been analyzed. The main aspects of controlling 

the induction machine dynamics are to monitor the flux and current 

behaviour. Accordingly, an observer based predictive flux control 

[23] and various current control [24]-[25] strategies have been 

implemented to observe and control the machine parameter 

variations. The development of MPC methods has been growing in 

much faster rate due to its reputation of quick response and simple 

system algorithm. Many advantages of this novel technique include 

current and torque harmonic distortion minimization [26], multiple 

objectives optimization and fast fault tolerant approach [27]. In 

current scenario, predictive controllers are significantly used in 

high performance drives systems such as Induction machine, 

Synchronous machine, linear motors, reluctance motors and multi-

phase machine drives [28]. A total disturbance observer-based 

PCC model of IM has been presented in [29], which takes the 

disturbance directly in the prediction mechanism and hence 

eliminates the need of a separate controller. The recent 

advancement of MPC action has the fast-acting control mechanism 

of multi-phase induction motor drives [30]-[33].  Application of 

model predictive control in power electronics enhances the 

flexibility, robustness and fastness of designed control 

architectures. For increasing dynamics, different predictive 

controllers are used such as deadbeat, hysteresis current controller 

(HCC) and trajectory-based controllers. Predictive controllers of 

machine drives are based on current or torque/flux control [34]-

[35]. Although FCS-MPC method applied by researchers has 

mostly improved the dynamic response of the system, the 

technique has drawbacks in regard to the steady state error 

minimization. Hence this work is motivated to apply finite control 

set model predictive control (IFCS-MPC) with integral action to 

keep minimizing the steady state error and with fast dynamic 

response. Therefore, two integral gain constants Kd and Kq for 

direct & quadrature axis currents are introduced in the control 

structure respectively. Hence it is required to have a proper value 

of these two parameters to obtain the system with minimum steady 

state error and acceptable switching losses. Further, intelligent 

techniques also used for machine control [36]. 

The detailed case studies of the implemented techniques 

have been thoroughly analyzed. The remainder of the article is 

organized as follows. Section 2 demonstrates the inverter topology, 

dynamic model, control methodologies and algorithms involved to 

designed the proposed predictive controllers for a IM drive. Section 

3 plots and discusses the responses of torque, currents and speeds 

with respect to step changes of various control action proposed. 

Section 4 sites the performance comparison of designed MPCs in 

terms of torque and current dynamic characteristics. And finally, 

Section 5 concludes the paper. 

 

III. PROPOSED MODEL AND CONTROL METHODS 

The working principle of the Model predictive control 

(MPC), where the variable of interest is control for the, predicted 

for finite horizon and compares with desired reference value to get 

the required command signal. This proposed work is based on 

simplification of inverter states optimization without any PWM 

technique. Here eight combinations of inverter states are formed as 

constraints to the control design. The load model is taken into 

action for the better prediction of the future behavior, the variables 

so the name model predictive control arises. The optimization 

technique works with receding horizon control principle. We can 

say that a constraint free FCS-MPC method is similar to the 

discrete time deadbeat feedback control system in which the 

controller gain is varies with time with the condition that closed 

loop poles are located at the origin of the complex plane. To 

improve the steady-state behavior of the normal FCSMPC method 

an integral action is added via a cascade control structure. The 

objective function for minimization in normal FCS-MPC method 

is just the square difference between predicted current and 

measured current in d-q reference fame. The main utility of the 

objective function in a I-FCS-MPC method, is explicitly related 

with the sampling time Δt. 
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III.1 MPC METHODOLGY 

MPC works with a finite-horizon control principle. The 

controller or MPC block makes evaluation of control signals for a 

definite future time. As the time passes the finite predictive horizon 

get updates by including a future time span and leaving a past time 

span. Based on the predicted output of the plant, MPC generates a 

control sequence which is applicable only at the current time 

sampling. After one sampling interval, the control sequence get 

modified based on the new measured variables. (Figure 1). 

 
Figure 1: MPC Methodology. 

Source: [3]. 

 

In Figure 1, the red trajectory is the reference signal which 

is to be followed. The green trajectory is the controlled signal 

obtained after due measurements and manipulation at the time 

instant k. The yellow curve is the past measured variable which is 

used for making the prediction for the future. At the current state 

k, the MPC evaluates the control sequence for the prediction 

horizon as indicated by the purple line. Similarly at the sampling 

instant k+1, k+2 etc., MPC generates different sets of controlled 

sequence for there respective prediction horizon. 

This proposed work is based on simplification of inverter 

states optimization with out any PWM technique. Here eight 

combination of inverter states are formed as constraints to the 

control design. A load model is used to predict the future behaviour 

of the variables so the name model predictive control arise. The 

optimization technique works with receding horizon control 

principle. We can say that a constraints free FCS-MPC method is 

similar to the discrete time deadbeat feedback control system in 

which the controller gain is varies with time with the condition that 

closed loop poles are located at the origin of the complex plane. To 

improve the steady-state behaviour of the normal FCS-MPC 

method an integral action is added via a cascade control structure. 

The objective function for minimization in normal FCS-MPC 

method is just the square difference between predicted current and 

measured current with respect to the  d-q referral  fame, whereas 

explicitly related with the sampling time Δt, in the  I-FCS-MPC 

method. 

III.2 DYNAMIC MODEL OF INDUCTION MOTOR 

For our experimental setup in a simulation environment, we 

have taken a case of a squirrel cage type, induction motor. The 

current and torque dynamics are represented in following 

mathematical equations with respect to the d-q referral frame [3]. 

                
𝑑𝑖𝑠𝑑

𝑑𝑡
= − 

1

𝜏𝜎
𝑖𝑠𝑑 + 𝜔𝑠𝑖𝑠𝑞 +

𝑘𝑟

𝑟𝜎𝜏𝜎𝜏𝑟
𝜑𝑟𝑑 +

1

𝑟𝜎𝜏𝜎
               (1) 

 

               
𝑑𝑖𝑠𝑞

𝑑𝑡
= − 𝜔𝑠𝑖𝑠𝑑  −

1

𝜏𝜎
𝑖𝑠𝑞 −

𝑘𝑟

𝑟𝜎𝜏𝜎
𝜔𝑒𝜑𝑟𝑑 +

1

𝑟𝜎𝜏𝜎
              (2) 

 

              𝜔𝑠 = 𝜔𝑒 +
𝐿ℎ

𝜏𝑟
                                       (3) 

 

              𝜔𝑠 = 𝜔𝑒 +
1

𝜏𝑟

𝑖𝑠𝑞

𝑖𝑠𝑑
                                     (4) 

Where  

𝑖𝑠𝑑 & 𝑖𝑠𝑞  are the measured currents in d-axis, q-axis, expressed in 

Ampere (A) 

𝑣𝑠𝑑 & 𝑣𝑠𝑞  are the measured currents in d-axis, q-axis, expressed in 

Volt (V) 

𝜔𝑠, 𝜔𝑒 are the angular speed of the stator and rotor, expressed in 

rad/sec 

𝜑𝑟𝑑= Rotor flux of d-axis (Wb) 

All other parameters used in the dynamic equations of IM drive are 

defined below. 

Leakage factor: 

                                𝜎 = 1 − 
𝐿ℎ
2

𝐿𝑠𝐿𝑟
                               (5) 

Stator time constant:                     

                                 𝜏𝑠 = 
𝐿𝑠

𝑅𝑠
                                   (6) 

Rotor time constant:                           

                                 𝜏𝑟 = 
𝐿𝑟

𝑅𝑟
                                  (7) 

Coefficients:                                         

                                 𝑘𝑟 =  
𝐿ℎ

𝐿𝑟
                                        (8) 

 

                                 𝑟𝜎 = 𝑅𝑠 + 𝑅𝑟𝑘𝑟
2                            (9) 

 

                                𝜏𝜎 =
𝜎𝐿𝑠

𝑟𝜎
                                  (10) 

 The torque generated due to magnetic field, commonly 

known as electromagnetic troque, is proportional to, the𝜑𝑟𝑑𝑖𝑠𝑞 , 

which is expressed as 

 

                                  𝑇𝑒 =
3

2
𝑍𝑝

𝐿
ℎ

𝐿𝑟
𝜑𝑟𝑑𝑖𝑠𝑞                                         (11) 

 

 The mechanical parametric of the induction motor need to 

be consider and derived from the general motor equation for 

rotation, which is given as follows, 

                                 𝐽𝑚
𝑑𝜔𝑚

𝑑𝑡
+ 𝑓𝑑𝜔𝑚 = 𝑇𝑒 − 𝑇𝐿                        (12) 

Where 𝜔𝑚(𝑡) , the mechanical velocity of the rotor(𝜔𝑚 =
𝜔𝑒

𝑍𝑝
), 𝐽𝑚,  

inertia of the motor, 𝑓𝑑  ,the friction coefficient, 𝑇𝑒& 𝑇𝐿  are the 

torque in the electromagnetic Field and the load, respectively. With 
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consideration of  the dynamics, the model and using the above in 

to the motion equation, representing in (12), 

                           
dωm

dt
=

−fd

Jm
ωm +

3

2

ZpLh

LrJm
φrdisq −

TL

Jm
                (13) 

 

 The velocity of the rotor in the electrical field can express 

as follow, 

                          
𝑑𝜔𝑒

𝑑𝑡
=

−𝑓𝑑

𝐽𝑚
ω𝑒 +

3

2

𝑍𝑝
2𝐿ℎ

𝐿𝑟𝐽𝑚
φ𝑟𝑑𝑖𝑠𝑞 −

𝑍𝑝𝑇𝐿

𝐽𝑚
               (14)  

 

 The physical and technical parameters defined, and used 

earlier in the IM model have been consider and tabulated below for 

system performance evaluation. 

Table 1: 3-Φ IM model parameters. 

Parameters Values 

Winding resistance offer to Stator (Rs) 1

11.2 Ohms 

Winding resistance offer to Rotor (Rr) 8

8.3 Ohms 

Winding inductance offer by Stator (Ls) 0

0.6155 Henrys 

Winding inductance offer by Rotor (Lr) 0

0.6380 Henrys 

Mutual inductance of Machine (Lh) 0

0.57 Henrys 

Moment of inertia (Jm) 0

0.00176 kg-

meter square 

Friction viscous gain (fd) 0

0.00038818 

newton meter 

per radian per 

second 

Number of Pole pairs(Zp) 2nos 

Source: [3]. 

 

III.3 THREE PHASE INVERTER MODEL  

We consider a 3-φ invertor, which convert 520V to 3-φ 

AC, for a induction motor of squirrel cage type, whose physical 

parameter are mention in the Table 1. The operation of the invertor, 

in the mode of, a non-linear discrete time system and having 180° 

mode of operation, with 7 number of output & 8 number of 

configuration state. For simplicity and rounding off, in the 

modeling and mathematical calculation on simulation we ignore 

the IGBT saturation voltage, and diode forward voltage drop. The 

schematic power circuit as the voltage source, inverter to the 3-φ 

IM is given below in Figure 2.  

 
Figure 2: VSI fed 3-ph IM. 

Source: Authors, (2024). 

 

 The switching state for conversions is carryout with the 

reference of the gating signals 𝑆𝑎, 𝑆𝑏  and 𝑆𝑐 , and represented as 

follows [1]: 

𝑆𝑎 = {
1, if 𝑆𝑤𝑖𝑡𝑐ℎ1 on and 𝑆𝑤𝑖𝑡𝑐ℎ4 off 
0, if 𝑆𝑤𝑖𝑡𝑐ℎ1 off and 𝑆𝑤𝑖𝑡𝑐ℎ4 on 

  

𝑆𝑏 = {
1, if 𝑆𝑤𝑖𝑡𝑐ℎ2 on and 𝑆𝑤𝑖𝑡𝑐ℎ5 off 
0, if 𝑆𝑤𝑖𝑡𝑐ℎ2 off and 𝑆𝑤𝑖𝑡𝑐ℎ5 on  

  

 𝑆𝑐 = {
1, if 𝑆𝑤𝑖𝑡𝑐ℎ3 on and 𝑆𝑤𝑖𝑡𝑐ℎ6 off 
0, if 𝑆𝑤𝑖𝑡𝑐ℎ3 off and 𝑆𝑤𝑖𝑡𝑐ℎ6 on  

  

 The concept of space vector modulation [33] has been 

adopted for voltage vector with respect to optimum switching 

states. The generation of switching states, give rise to eight voltage 

vectors provided in Table 2 which can be predicted by Equation 

(15) as follows:
 

                                𝑣 =
2

3
𝑉𝑑𝑐(𝑆𝑎 + 𝑎𝑆𝑏 + 𝑎2𝑆𝑐) 

                          

(15) 

Where,  

a = 𝑒−𝑗(2𝜋/3) = −
1

2
+ 𝑗

√3

2
, with a phase displacement of 120° 

between any two phases. 

 

Table 2: Switching states with voltage vectors. 

 

1 

0

0 

0

0 
  

𝑣0⃗⃗⃗⃗  = 0 

 

1 

0

0 

0

0 
 𝑣1⃗⃗⃗⃗  = 

2

3
 vdc 

 

0 

1

1 

0

0 
 𝑣2⃗⃗⃗⃗  = 

1

3
 vdc + j 

√3

3
 vdc 

 

0 

1

1 

0

0 
 𝑣3⃗⃗⃗⃗  = −

1

3
 vdc +j 

√3

3
 vdc 

 

0 

1

1 

1

1 
 𝑣4⃗⃗  ⃗ = −

2

3
 vdc 

 

1 

0

0 

1

1 
 𝑣5⃗⃗⃗⃗  = −

1

3
 vdc – j 

√3

3
 vdc 

 

1 

0

0 

1

1 
 𝑣6⃗⃗⃗⃗  = 

1

3
 vdc – j 

√3

3
 vdc 

Source: Authors, (2024). 

 

The simple mathematical model of three phase inverter 

circuit which defines the generated output voltages (phase to 

neutral) by means of switching signal application has been depicted 
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in Figure 3.  The optimum operational of predictive algorithms, 

gives  arise the switching state listed as above. 

 
Figure 3: Ouput Voltage of VSI. 

Source: Authors, (2024) 

 

III.4 GENERALIZED PREDICTIVE CURRENT 

9CONTROL ALGORITHM 

Predictive current control algorithm can be states as: 

1. The measurement of the reference current, i*(ti+1) is done 

from the outer control loop, whereas the load current i(t) 

measurement need to be carryout at every states with respect to 

sampling interval. 

2. The evaluation and prediction of the load current value for 

each upcoming sampling interval i(ti+1), with considering the 

different voltage vector in consideration. 

3. The cost function J deploy for the error calculation, 

difference of the reference against predicted currents, with each 

upcoming sampling frame with corresponding voltage vector. 

 

         J={𝑖𝑑
∗(ti)−𝑖𝑑(𝑡𝑖+1)}

2+{𝑖𝑞
∗
(ti)−𝑖𝑞(𝑡𝑖+1)}

2            (16) 

 

4. The switching state signals, are generated minimizes the 

current error, are need to listed and consider for utilization. 

In this algorithm the previous value the load current and 

the next state of the current, leads to predict 7 different states and 

8 configurations, for operation of the inverter switching. For each 

discrete state, we need to calculate, the predict current value and 

compare, with the reference current for minimal error and changes. 

We need to calculate for all 8 stated as table above and record the 

errors. The optimal operational states are feed to the inverter, which 

used as voltage source. The flow diagram of the above process is 

shown in the Figure 4. 

 

 
Figure 4: Flow Chart for PCC. 

Source: Authors, (2024). 
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III.5 FCS-MPC SCHEME FOR IM 

On generalization of equations, predicted load currents in 

d-q frame for sampling time ti can be derived from forward Euler 

Approximations [1]. 

                               
𝑑𝑖𝑠𝑑(𝑡)

𝑑𝑡
≈

 𝑖𝑠𝑑(𝑡𝑖+1)−𝑖𝑠𝑑(𝑡𝑖)

∆𝑡
                          (17) 

𝑖𝑑
∗and 𝑖𝑞

∗ are the desired values of current in d-q frame. 

Now by using Equations (17) & (18) in Equations (1) & 

(2) respectively, The discrete differential equations become the 

difference equations and can be represented as follows: 

𝑖𝑠𝑑(𝑡𝑖+1) = 𝑖𝑠𝑑(𝑡𝑖) + ∆𝑡(− 
1

𝜏𝜎
𝑖𝑠𝑑(𝑡𝑖)  + 𝜔𝑠𝑖𝑠𝑞(𝑡𝑖)  +

                                 
𝑘𝑟

𝑟𝜎𝜏𝜎𝜏𝑟
𝜑𝑟𝑑(𝑡𝑖) +

1

𝑟𝜎𝜏𝜎
𝑢𝑠𝑑(𝑡𝑖) )                      (19) 

 

𝑖𝑠𝑞(𝑡𝑖+1) = 𝑖𝑠𝑞(𝑡𝑖) + ∆𝑡(− 𝜔𝑠𝑖𝑠𝑑(𝑡𝑖)   −
1

𝜏𝜎
𝑖𝑠𝑞(𝑡𝑖)  −

                        
𝑘𝑟

𝑟𝜎𝜏𝜎
𝜔𝑒(𝑡𝑖) 𝜑𝑟𝑑(𝑡𝑖)  +

1

𝑟𝜎𝜏𝜎
𝑢𝑠𝑞(𝑡𝑖) )                     (20) 

 

The discretized prediction equations corresponding to 

Equation (19) and (20) are also presented in matrix form. 
 

[
𝑖𝑠𝑑(𝑡𝑖+1)

𝑖𝑠𝑞(𝑡𝑖+1)
] = (I +∆t𝐴𝑚(𝑡𝑖)) [

𝑖𝑠𝑑(𝑡𝑖)

𝑖𝑠𝑞(𝑡𝑖)
] + ∆𝑡𝐵𝑚 [

𝑢𝑠𝑑(𝑡𝑖)

𝑢𝑠𝑞(𝑡𝑖)
] +

                          [

𝑘𝑟∆𝑡

𝑟𝜎𝜏𝜎𝜏𝑟
𝜑𝑟𝑑(𝑡𝑖)

−
𝑘𝑟∆𝑡

𝑟𝜎𝜏𝜎
𝜔𝑒(𝑡𝑖) 𝜑𝑟𝑑(𝑡𝑖)

]                                           (21) 

Where, 

I is a 2*2, identity matrix and 

𝐴𝑚(𝑡𝑖) =[
−

1

𝜏𝜎
𝜔𝑠(𝑡)

−𝜔𝑠(𝑡) −
1

𝜏𝜎

]  :              𝐵𝑚 = [

1

𝑟𝜎𝜏𝜎
0

0
1

𝑟𝜎𝜏𝜎𝑞

] 

The structure of FCS-MPC Model used for 3-ph induction 

motor is presented in Figure 5. 

 
Figure 5: Structure of FCS-MPC for IM. 

Source: Authors, (2024). 

 

  

 This method is processed in the following ways. 

1) The reference value is presented in d-q frame(idref and iqref). 

2) Measured currents in d-q frame, speed in radians per second, 

rotor angular position in radians are used as input to the FCS 

control block.  

3) The output of the FCS block, are the switching states to the 

voltage source inverter.  

4) The control output of the inverter, as a voltage sources, is 

fed to the IM model. 

 

In this article a two level three phase VSI is considered for 

application of predictive schemes. As the overall modelling and 

computations are in d-q-0 reference frame the voltage vectors 

generated need to be transformed to d-q-0 coordinate from a-b-c 

coordinate by means of Park’s Transformation. 
 

  [
𝑢𝑠𝑑

𝑢𝑠𝑞
]  =  

2

3
[

𝑐𝑜𝑠𝜃 cos (𝜃 −
2𝜋

3
) cos (𝜃 +

2𝜋

3
)

−𝑠𝑖𝑛𝜃 −sin (𝜃 −
2𝜋

3
) −sin (𝜃 +

2𝜋

3
)
] [

𝑉𝑎𝑛

𝑉𝑏𝑛

𝑉𝑐𝑛

] (21) 

Where, 

𝑢𝑠𝑑 = Voltage in d-axis,  

𝑢𝑠𝑞 = voltage in q-axis, 

𝜃 = Rotor position angle 

𝑉𝑎𝑛 ,𝑉𝑏𝑛,𝑉𝑐𝑛 are the phase voltages of a-b-c with respect to neutral 

respectively,  

Vdc = DC voltage supplied to VSI  

In FCS-MPC approach, there are seven sets of 𝑢𝑠𝑑 and 𝑢𝑠𝑞 

values are presented based on the rotor angular position and 

sampling time. In this control strategy, we deploy the objective 

function, which is defined as sum of the square of the errors 

difference, between the desired and predicted current values in d-q 

frame. The objective function J, considers the variables, measured 

with the sampling time 𝑡𝑖  and the manipulated variables   

𝑢𝑠𝑑(𝑡𝑖) 𝑎𝑛𝑑 𝑢𝑠𝑞(𝑡𝑖)  , Equation (16) can be expressed as below : 

Jk = (isd
∗ (ti) − isd(ti) − ∆t(− 

1

τσ
isd(ti)  + ωsisq(ti) +

kr

rστστr
φrd(ti) +

1

rστσ
usd(ti) ))

2

+ (isq
∗ (ti) − isq(ti) −

∆t(− ωsisd(ti)  −  
1

τσ
isq(ti) −

kr

rστσ
ωe(ti) φrd(ti) +

                                        
1

rστσ
usq(ti) ))

2

                                            (22)  

Where  

𝜑𝑟𝑑= rotor flux linkage and k is an index from 0 to 7. 

The receding horizon control principle is used here that 

predicts one step ahead value from the feedback parameters such 

as 𝑖𝑠𝑑(𝑡𝑖), 𝑖𝑠𝑞(𝑡𝑖), 𝜔𝑒 and 𝜃𝑒 from 3-ph IM model. The objective 

function is calculated based on the above feedback values, 

parameters of 3-ph IM model and the pair of 𝑢𝑠𝑑 − 𝑢𝑠𝑞  values. 

Seven sets of objective function are calculated based on seven pairs 

of 𝑢𝑠𝑑 − 𝑢𝑠𝑞 values. The index value is 0 or 7, will be determine 

with the Previous states of the inverter.  

The switching combinations and corresponding voltage 

vectors imposed in FCS-MPC technique are shown in Table 3. 
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             Table 3: Switching states with voltage vectors of FCS Scheme. 

Sa Sb Sc 
Voltage 

Vector(v) 

 

𝑽𝒂𝒏 

 

𝑽𝒃𝒏 𝑽𝒄𝒏 

 

0 

0

0 

0

0 

 
𝑣0⃗⃗⃗⃗  

−
𝑉𝑑𝑐

2
 

 
−

𝑉𝑑𝑐

2
 −

𝑉𝑑𝑐

2
 

 

1 

0

0 

0

0 

 
𝑣1⃗⃗⃗⃗  

𝑉𝑑𝑐

2
 

 
−

𝑉𝑑𝑐

2
 −

𝑉𝑑𝑐

2
 

 

1 

1

1 

0

0 

 
𝑣2⃗⃗⃗⃗  

𝑉𝑑𝑐

2
 

 𝑉𝑑𝑐

2
 −

𝑉𝑑𝑐

2
 

 

0 

1

1 

0

0 

 
𝑣3⃗⃗⃗⃗  

−
𝑉𝑑𝑐

2
 

 𝑉𝑑𝑐

2
 −

𝑉𝑑𝑐

2
 

 

0 

1

1 

1

1 

 
𝑣4⃗⃗  ⃗ 

−
𝑉𝑑𝑐

2
 

 𝑉𝑑𝑐

2
 

𝑉𝑑𝑐

2
 

 

0 

0

0 

1

1 

 
𝑣5⃗⃗⃗⃗  

−
𝑉𝑑𝑐

2
 

 
−

𝑉𝑑𝑐

2
 

𝑉𝑑𝑐

2
 

 

1 

0

0 

1

1 

 
𝑣6⃗⃗⃗⃗  

𝑉𝑑𝑐

2
 

 
−

𝑉𝑑𝑐

2
 

𝑉𝑑𝑐

2
 

 

1 

 

1 

 

1 

 
𝑣7⃗⃗⃗⃗  

𝑉𝑑𝑐

2
 

 𝑉𝑑𝑐

2
 

𝑉𝑑𝑐

2
 

Source: Authors, (2024). 

 

The phase to neutral voltages of each phase can be defined 

w.r.t switching states and DC input voltage of inverter as below: 

                                         [

𝑉𝑎𝑛

𝑉𝑏𝑛

𝑉𝑐𝑛

] = 

[
 
 
 
 𝑆𝑎 − 

1

2

𝑆𝑏 − 
1

2

𝑆𝑐 − 
1

2]
 
 
 
 

 Vdc                                    (23) 

 

III.6 PROPOSED IFCS-MPC SCHEME FOR IM 

IFCS-MPC method employs the same concept as that of 

normal FCS-MPC method but the control action is differed such 

that in I-FCS-MPC method the objective function has variable in 

terms of voltage signals whereas in normal FCS-MPC method the 

same has been formed in terms of current signals. The optimal 

control signals obtained from the feedback control framework is 

given as 

                   [
𝑢𝑠𝑑(𝑡𝑖)

𝑜𝑝𝑡

𝑢𝑠𝑞(𝑡𝑖)
𝑜𝑝𝑡] = 𝐾𝑓𝑐𝑠 ([

𝑖𝑠𝑑
∗(𝑡𝑖)

𝑖𝑠𝑞
∗(𝑡𝑖)

] − [
𝑖𝑠𝑑(𝑡𝑖)
𝑖𝑠𝑞(𝑡𝑖)

])          (24) 

Where,  

 𝐾𝑓𝑐𝑠 is the gain matrix of the controller and can be extracted from 

Equation (21) as: 

               𝐾𝑓𝑐𝑠(𝑡𝑖) = (∆t2Bm
T Bm)−1 Bm

T ∆t (I +∆t𝐴𝑚(𝑡𝑖))          (25) 

Further simplifying by putting the matrix form of 𝐴𝑚 &  Bm, 

                     𝐾𝑓𝑐𝑠(𝑡𝑖) = [

𝑟𝜎𝜏𝜎

𝛥𝑡
(1 −

𝛥𝑡

𝜏𝜎
) 𝜔𝑠(𝑡𝑖)𝑟𝜎𝜏𝜎

− 𝜔𝑠(𝑡𝑖)𝑟𝜎𝜏𝜎
𝑟𝜎𝜏𝜎

𝛥𝑡
(1 −

𝛥𝑡

𝜏𝜎
)
]             (26) 

  

 Using integral action in discrete time control system, 

Equation (24) can be modified as: 

[
𝑢𝑠𝑑(𝑡𝑖)

𝑜𝑝𝑡

𝑢𝑠𝑞(𝑡𝑖)
𝑜𝑝𝑡] = 𝐾𝑓𝑐𝑠(𝑡𝑖) [

 𝐾𝑑

1−𝑞−1  (𝑖𝑠𝑑
∗
(𝑡𝑖) − 𝑖𝑠𝑑(𝑡𝑖))

 𝐾𝑞

1−𝑞−1  (𝑖𝑠𝑞
∗(𝑡𝑖) − 𝑖𝑠𝑞(𝑡𝑖))

] −

                                                           [
𝑖𝑠𝑑(𝑡𝑖)

𝑖𝑠𝑞(𝑡𝑖)
]                                     (27) 

Where ‘kd’ and ‘kq’ are the value of integral block 

parameters used for current error at both d-axis and q-axis 

respectively, 0< 𝐾𝑑 ≤ 1  and 0< 𝐾𝑞 ≤ 1  and   
1

1−𝑞−1  represents 

functionality of an integrator. 

Now at sampling time ti the optimum control signals are calculated 

as 

[
𝑢𝑠𝑑(𝑡𝑖)

𝑜𝑝𝑡

𝑢𝑠𝑞(𝑡𝑖)
𝑜𝑝𝑡] = [

𝑢𝑠𝑑(𝑡𝑖−1)
𝑜𝑝𝑡

𝑢𝑠𝑞(𝑡𝑖−1)
𝑜𝑝𝑡] +

       𝐾𝑓𝑐𝑠(𝑡𝑖) [
 𝐾𝑑  (𝑖𝑠𝑑

∗(𝑡𝑖) − 𝑖𝑠𝑑(𝑡𝑖))

 𝐾𝑞  (𝑖𝑠𝑞
∗(𝑡𝑖) − 𝑖𝑠𝑞(𝑡𝑖))

] −  𝐾𝑓𝑐𝑠(𝑡𝑖) [
𝛥𝑖𝑠𝑑(𝑡𝑖)
𝛥𝑖𝑠𝑞(𝑡𝑖)

]   (28) 

The modified objective function for  I-FCS-MPC is given as:  

𝐽𝐾=
𝛥𝑡2

(𝑟𝜎𝜏𝜎)2
 (𝑢𝑠𝑑(𝑡𝑖)

𝐾 − 𝑢𝑠𝑑(𝑡𝑖)
𝑜𝑝𝑡)2 + 

∆𝑡2

(𝑟𝜎𝜏𝜎)2
 (𝑢𝑠𝑞(𝑡𝑖)

𝐾 −

       𝑢𝑠𝑞(𝑡𝑖)
𝑜𝑝𝑡)2                                                                        (29) 

This is the objective function which is being calculated for 

each control with index K = 0, 1, 2, ……,6. The index value and 

corresponding control set for which the objective function is 

minimum is selected for the generation of respective switching 

pulse to the inverter. The schematic of IFCS-MPC for IM have 

been depicted in figure 6. 
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Figure 6: Structure of IFCS-MPC for IM. 

Source: Authors, (2024). 

 

The control architecture of I-FCS-MPC for designed three 

phase induction motor with integral gain parameters and optimal 

voltage vectors is sited in Figure 7. From the below depicted block 

diagram we can visualize the control structure of predictive current 

controller in d-q reference frame. Also it demonstrates the 

mathematical representation of Equation (27) defined earlier. 

Further modification with gain parameters, Equation (28) is 

extracted for optimal evaluation of integral FCS control mechanism. 

In the implemented control algorithm values of integral gain 

parameters kd & kq are set to be 0.1 [3]. Further analysis can also be 

done by taking different values of gain parameters between 0 to 1. 

 
Figure 7: Architecture of Proposed IFCS-MPC. 

Source: Authors, (2024). 

 

IV. RESULTS AND DISCUSSIONS 

The three phase induction motor with specified parameters 

mentioned earlier has been modeled and executed with FCS & I-

FCS control algorithms applied to inverter circuit. The dynamic 

characteristics of currents, torque and angular speed of IM have 

been analyzed for different predictive schemes implemented here. 

Overall simulation & sampling time are set to be 0.2s and 10μs 

respectively. 

IV.1 CURRENT DYNAMICS ANALYSIS 

The reference input current in d-q axis is depicted in Figure 

8. From the input current plots it can be seen that d-axis current is 

taken to be a constant value of isd=0.8A and q-axis current is 

considered to be a step signal of amplitude isq=3A and changes to 

1A at 0.1 sec. 
 

 
 

Figure 8: Reference Current in d-q frame 

Source: Authors, (2024). 
 

With reference to the d-q axis currents and change in rotor 

angle (θ), characteristics of desired currents in three phase 

quantities  also change at a particular instant. These currents can be 

set as a reference to the currents at next execution cycle and it is 

assumed to be the benchmark for all the proposed approximations. 

The output currents in d-q and a-b-c forms obtained by FCS MPC 

techniques are presented in figure 9 and Figure 10 respectively. 

 
Figure 9: Output Currents of FCS-MPC in d-q frame. 

Source: Authors, (2024). 

 

 
Figure 10: Output Currents of FCS-MPC in abc frame. 

Source: Authors, (2024). 

 

In I-FCS-MPC method an integral action is introduced as an 

outer closed loop for steady state performance enhancement [2], 
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[10]. The currents obtained by I-FCS action have been presented in 

both d-q (Figure 11) and a-b-c reference frame (Figure 12). 

 

 
Figure 11: d-q axis currents of I-FCS-MPC Method. 

Source: Authors, (2024). 
 

 
Figure 12: Output Currents of IFCS-MPC Method in abc frame. 

Source: Authors, (2024). 

 

IV.2 TORQUE DYNAMICS ANALYSIS 

From Equation. (11) it can be clearly adopted that electrical 

torque output (Te) is a function of quadrature axis current and rotor 

flux of an induction motor. As a result the behaviour of q-axis 

current controls the torque characteristics.  

The plots of reference load torque (Figure 13) and output 

torque obtained from FCS and I-FCS predictive control schemes 

are depicted in Figure 14 & Figure 15 respectively. The applied 

load torque to the induction motor drive is a step signal of 

amplitude 2Nm and step change occurs to 1Nm at time 0.1second. 
 

 

 
Figure 13: Load toque applied to the 3-ph IM model. 

Source: Authors, (2024). 

 
Figure 14: Torque output of FCS-MPC Method. 

Source: Authors, (2024). 
 

 
Figure 15: Torque output of IFCS-MPC Method. 

Source: Authors, (2024). 

 

IV.3 SPEED RESPONSES 

As from the earlier analysis we can see that 

Electromagnetic Torque output, quadrature axis current, rotor flux 

and angular speed are dependent parameters. Behavioral change of 

one of the mentioned parameters will deviate the characteristics of 

others which directly affect the motor performance. Hence By 

controlling the current we can regulate torque and as a result 

angular speed of motor also be controlled in coordination with 

other dependent parameters. This concept can be defined by 

Equation (13) & (14) mathematically. Angular speed response of 

induction motor by corresponding step change in load torque and 

q-axis current for both the proposed predictive controllers are 

presented below. Figure 16 and Figure 17 respectively demonstrate 

the angular speed characteristics achieved by FCS & I-FCS control 

approach. 

 
Figure 16: Angular Speed of FCS-MPC Method. 

Source: Authors, (2024). 

  

Page 91



 
 
 

 

One, Two and Three, ITEGAM-JETIA, Manaus, v.10 n.47, p. 83-94, May/June., 2024. 

 

 
Figure 17: Angular Speed of I-FCS-MPC Method. 

Source: Authors, (2024). 

 

The model outputs of currents, torque and angular speed 

of designed induction motor drive have been captured for the 

optimum performance evaluation. Current dynamic is studied by a 

reference step signal of quadrature axis current. Accordingly 

electromagnetic torque output of the machine also follows the 

applied step load torque as output torque is a function of q-axis 

current and rotor flux defined in Equation. (11). As the rotor 

position angle updates after every time instant, corresponding 

angular speed also changes. The step responses of current, torque 

and speed obtained by FCS & IFCS control strategies have been 

demonstrated here. From the output responses, currents and torque 

ripples can be visualized.  

It can be stated that ripple quantities for both current & 

torque output are lesser in IFCS-MPC as compared to FCS-MPC. 

Similarly slightly more fluctuation is observed in speed response 

in case of FCS while comparing to integral FCS technique. Based 

on the model outputs of implemented MPC strategies a 

performance comparison has been done in terms of peak overshoot, 

undershoot, settling time, slew rates, rise time & fall time of q-axis 

current. Overall diagnosis is performed by considering the IM 

parameters mentioned in Table. 1. 

IV.3 COMPARISON OF FCS-MPC AND IFCS-MPC 

Simulation of both FCS-MPC and I-FCS-MPC models are 

implemented with a sampling time of 10 microseconds. Two main 

factors those determine the characteristics results of the predictive 

controllers are sampling time and integral gain constants kd & kq. 

Integral gain is applicable only in IFCS-MPC method. For higher 

value of integral gains, the currents trajectories will overshoot with 

a good performance in steady state. If we keep the integral gain 

low, dynamic overshoot can be compensated. Here the value of 

integral gains are taken as 0.1[3]. Sampling time has not much 

effect on dynamic performance. Its effect is mostly on steady state 

ripples. With a higher sampling time the ripple presents are more 

and hence it is needed to reduce the sampling time. But the 

computational burden and switching loss of the inverter are 

restricting the sampling time to fall below certain value. Therefore, 

a compromise is being made between the ripple allowable and 

computational time as well as switching loss. Table. 4 shows the 

quadrature axis characteristics of the proposed controllers based on 

listed parameters. 

 

Table 4: Quadrature axis Characteristics fo FCS & IFCS 

 Measured Parameters FCS-MPC IFCS-MPC 

Rise Edge 

Rise Time (µs) 1261 1273 

Slew Rate (A/ms) 1.268 1.258 

Preshoot (%) 47.727 52.419 

Overshoot (%) 0.699 8.871 

Undershoot (%) 2.764 2.036 

Settling Time(ms) 119.837 19.901 

Fall Edge 

Fall Time (µs) 351.639 1940 

Slew Rate (A/ms) -4.548 -0.826 

Preshoot (%) 2.786 0.889 

Overshoot (%) 2.04 3.944 

Undershoot (%) 1.214 2.247 

Settling Time(ms) 493.881 19.865 

Source: Authors, (2024). 

As the IFCS-MPC carries an integral action to compensate 

for the currents errors as defined in the objective function, Table. 5 

illustrates the measured direct and quadrature axis current errors 

obtained from each of the proposed predictive scheme. 

 

Table 5: Absolute Current Errors measured from the Imposed Predictive Technique 

 Absolute Current Error (Amp)  

Imposed Predictive 

Scheme 
|IdRef − IdMeas| |IqRef − IqMeas| 

Total Current Error 

(Amp) 

FCS-MPC 00.04037 00.007104 0.047474 

IFCS-MPC 00.03069 00.004473 0.035163 

Imposed Predictive 

Scheme 

Squared Current Error(Amp) Total Current Error 

(Amp) |IdRef − IdMeas| |IqRef − IqMeas| 

FCS-MPC 00.00163 55.046e-5 0.00168046 

IFCS-MPC 00.0009419 22.001e-5 0.00096191 

Source: Authors, (2024). 
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V. CONCLUSIONS 

Induction motor drive has wide range of applications such 

as in traction, process, production & mining industries. One of the 

important aspects of these applications is dynamics of 

electromagnetic torque developed and the voltage fed by the 

inverter. There are different methods for speed control and torque 

control like conventional PI, PID & hysteresis controllers. But in 

case of FCS-MPC method, performance can be improved for non-

linear loads effectively due to the predictive nature. Still to improve 

transient performances, different research papers were proposed. 

Here a small strive has been done for further improvement in steady 

state performance of control structures. The torque and the current 

in q-axis of 3-ph IM are proportional to each other. So, throughout 

the control approach both the reference current in q-axis and the 

reference load torque are applied as step function to observe the 

dynamic behaviour of 3-ph IM. The performance of MPC 

coordinated schemes applied to IM drive is evaluated. Operating 

principle of proposed predictive controllers differ by their mode of 

control actions. Applied FCS & I-FCS strategies have specified 

control approach based on defined objective functions. Peak 

Overshoot, undershoot, preshoot, settling time & slew rates of 

quadrature current of IM subjected to step change are analyzed and 

thus the dynamic control characteristics of implemented control 

techniques have been diagnosed. FCS & I-FCS have almost similar 

control strategy but IFCS has the inherent features of reducing 

steady state errors and improving slew rates. Also I-FCS possesses 

better current & torque responses with minimum ripples and 

superior trajectories w.r.t step i/p signal. There is not much 

difference in speed responses of both FCS & I-FCS MPC except 

the later has slightly less ripples as compared to FCS-MPC.  

All these performed predictive aspects provide a genuine 

control algorithm for flexible and reliable implementations. The 

adaptive nature of MPC methods has tremendous skills of being a 

superior controller in modern control dilemma. Furthermore, many 

initiatives such as harmonics & speed controls and switching power 

loss reduction of inverters by MPC based schemes can be designed. 

Also in extension predictive control approach can be milestone 

research for Electric vehicles, FACTS devices and in various 

power system control measures. 
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