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Abstract: A two-step prediction horizon finite-control set model predictive control scheme is proposed 
for three phase UPS inverters. Within the control scheme, a constraint is implemented to limit the 
maximum inverter inrush current, in case of non-linear loads, to an acceptable value. Simulation results 
show that the proposed control scheme has been successful in limiting the inrush current and producing 
a load voltage with very low THD with small filter size. 

I. INTRODUCTION 
Critical loads such as medical facilities, computer systems, and emergency equipment need 

continuous power supply to avoid severe impact on them. Uninterruptable power supply (UPS) is 
usually used to supply these loads where a Voltage Source Inverter (VSI) provides reliable and high-
quality output sinusoidal voltage. An LC filter is connected to remove high order harmonic components. 
However, this filter increases the complexity of the system controller design. Many control strategies 
have been applied to generate the output voltage of the VSI, including PI, resonant, repetitive, deadbeat 
and predictive controllers [1]-[7]. 

Predictive control provides a wide class of controllers. They can be classified as hysteresis-based, 
trajectory-based, deadbeat-based and model-based predictive controllers [8]. The controlled variable 
with hysteresis-based predictive control attempts to be in the boundary of the hysteresis area. The 
hysteresis area location is identified by the reference signal of the controlled variable. When the 
controlled variable reaches the boundary, the controller predicts the controlled variable for each possible 
switching state. Then, optimization is used to select the next switching state [9].  

Trajectory-based predictive control is widely used in electric motor drives. The controller chooses 
the switching state that forces the system variables to be onto pre-calculated trajectories. It includes 
techniques such as direct self-control[10], direct mean torque control [11], and direct speed control[12]. 
Hysteresis-based and trajectory-based predictive control do not need a modulator to generate the 
switching state. Hence, the output of the controller itself is the gating signals of the power semiconductor 
switches.  

Deadbeat-base predictive control uses the model of the system to get the control signal that makes 
the controlled variable reach its reference value. The control signal is then applied to a modulator to 
generate the switching signals. The disadvantage of this method is that it becomes more complex if it 
includes nonlinearities or constraints [8].  

The inite-control set model predictive control (FCS-MPC) proposed in this paper is more suitable 
for the discrete nature of the power electronics converters and lends itself easily to its application. In 
FCS-MPC, the optimization problem is reduced to the number of possible switching states of the power 
converter. The cost function is used to select the switching state that minimizes it [13]-[18]. The 
comparison between FCS-MPC using 1-step and 2-step prediction horizon has been presented in [19]. 
However, with FCS-MPC, the number of steps would not exceed two since, while the performance will 
not further improve, the computational burden would drastically increase[19], [20]. This is because one 
voltage vector is applied during the first sampling instant and another voltage vector is applied during 
the second sampling instant. This problem is solved in [19] by applying the same voltage vector for 
several sampling instants. The performance and THD of the output voltage for both the one- and two-
step prediction horizon are very similar.   

This paper proposes the application of a two-step prediction horizon FCS-MPC scheme to three-
phase UPS inverters. The scheme implements a constraint within the controller to limit the maximum 
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inverter current to its steady-state value. This gives the controller the advantage of protecting the power 
switching devices against high surges of inverter output current, especially in case of non-linear loads, 
while maintaining well-regulated output voltage with very low THD. While the FCS-MPC with two-
step prediction horizon used to control three-phase UPS inverter has been reported in the literature, the 
performance of the three-phase UPS system with two-step FCS-MPC and constraint has not been 
reported. 

II. SYSTEM MODELLING 
The power circuit of a three-phase inverter with second-order LC filter at its output is shown in Fig. 

1. The modeling of the three-phase inverter and the output LC filter are presented in this section. The 
switching states of the three-phase inverter are defined by gating signals La, Lb, and Lc as follows: 
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Equations (1)-(3) can be expressed in vector form: 

 ( )22

3 a b cL L L= + +L a a   (4) 
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− += =a  represents the 120o phase displacement between the phases. The phase 

voltages with respect to the negative terminal of dc-link N are defined by these gating signals as follows:  
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The output voltage vector is defined by: 

 ( )22

3i aN bN cNv v v= + +v a a , (6) 

So dcVi =v L . 

 
Fig. 1. Three phase-inverter with output LC filter system 
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In this way, the different combinations of the gating signals La, Lb, and Lc can only generate eight 
possible switching states. Consequently, eight voltage vectors can be obtained from the three-phase 
inverter as shown in Fig. 2. The three-phase inverter can be considered as a linear discrete system with 
only 7 different voltage vectors as there are two voltage vectors equal to zero v0=v7=0. 

A. Modelling with the LC filter 

The output LC filter is used to eliminate high order harmonic content in the output voltage and 
current. The load voltage, vc, the inductor filter current, if, and the load current, io, are given by: 

 ( )22

3c ca cb ccv v v= + +v a a  (7), 

 ( )22

3f fa fb fci i i= + +i a a  (8), 

 ( )22

3o oa ob oci i i= + +i a a  (9). 

The governing differential equations of the LC filter are: 
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where Lf and Cf are the filter inductance and capacitance, respectively. Equations (10) and (11) can be 
rewritten in a state-space variable format as: 

 
d

A B B oi ddt
= + +

x
x v i , (12), 
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Fig. 2. Voltages vectors of the three-phase inverter 
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The system output equation is given by: 
 [ ]0 1c =v x  (17) 

B. The discrete time model of the system 

The discrete time model is used to predict the future behaviour of the controlled variables. It is 
obtained from (12) for a sampling time TS and expressed as: 

 ( ) ( ) ( ) ( )1k A k B k B kq q oi dq+ = + +x x v i  (18), 

where 

 
ATsA eq =  (19), 

 
0
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Referring to (13) and (18), it can be seen that the output voltage, vc, is predicted from the voltage 
vectors, vi, which depends on the switching states, the measured inverter output voltages, and the 
inductor filter currents at the kth sampling instant. 

III. PROPOSED PREDICTIVE CONTROL STRATEGY  
The proposed control algorithm is the finite-control set model predictive control (FCS-MPC). The 

FCS-MPC has all the advantages of continuous-control set model predictive control. For instance, it is 
easy to understand, can deal with multivariable systems and nonlinearities, and can set constraints on 
the system variables within a cost function. In addition, it lends itself easily to the implementation of 
power electronics converters. 

The value of the output voltage at next instance vc(k+1) can be predicted using (18). The value of 
the output voltage, vc(k), inductor filter current, if(k), and the output current, io(k), are measured at the 
current instance k. Seven values of vc(k+1) are obtained for each possible switching state of the inverter. 
Then, it can be estimated which of the voltage vectors of the inverter vi gives value of vc(k+1), which is 
the nearest to the reference value. Consequently, the corresponding switching state is applied in the next 
instance.  

The cost function is used to select the optimal switching state that gives the lowest error between 
reference and output voltages at next instance. The cost function is defined as: 

 ( ) ( )2 2* *
1 ( 1) ( 1)c c c cg v v k v v kα α β β= − + + − + , (22) 

 where cv α  and cv β  are the real and imaginary parts of the predicted output voltage vector vc(k+1). 

Constraints can be easily added to the cost function as will be shown later. 

The Two-step prediction horizon 

In the previous discussion, only one-step prediction horizon is considered. In this section two-step 
prediction horizon is proposed. In two-step prediction horizons, the value of output voltage vc(k+2) is 
given by 
 ( ) ( ) ( ) ( )2 1k A k B k B kq q oi dq+ = + + +x x v i  (23). 

In (23), the inverter output current, io(k), is considered to be changing slowly with respect to the 
sampling time, so its value at the instant (k+1) is the same as that at sample k.  

With two-step prediction horizon, one voltage vector is applied during the prediction of the first 
step, x(k+1), and another voltage vector is applied during the prediction of the second step, x(k+2). This 
leads to 82=64 possible sequences of the two voltage vectors calculations, which results in a heavy 
computational burden. To reduce the number of calculations, the inverter voltage vector used in the 
prediction of the first step is also employed to predict the state variables of the second step. This is 
instead of using two different inverter voltage vectors. It was shown in [20] that with only two-step 
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prediction horizon, this approximation produces almost the same results as that when using two different 
voltage vectors. 

The cost function is modified to be as in (24). The reference value is assumed constant at all instants. 

 ( ) ( )2 2* *
2 ( 2) ( 2)c c c cg v v k v v kα α β β= − + + − +  (24). 

IV. SIMULATION RESULTS WITH TWO-STEP PREDICTION HORIZON 
The proposed controller is simulated using MATLAB/Simulink and the load parameters are given 

in Table I. 

Table I: Simulation Parameters 

DC source (Vdc) 500 V 
The peak value of the reference 
phase voltage 500/√3 V (max) 

Frequency of the reference 
voltage 

50 Hz 

Sampling time (TS) 50 µsec 
Filter capacitor Cf  100 µf 
Filter inductor Lf 2 mH 
Output resistance R 50 Ω 
DC side capacitance Cdc 2200 µf 
DC side inductance Ldc 10 mH 

A. Results of two-step prediction horizon and non-linear load  

The controller behaviour is simulated with non-linear load. The non-linear load is chosen as a three-
phase diode bridge rectifier with LC filter in DC side as shown in Fig. 3. 

The output voltages (vc) waveforms of the three phases are shown in Fig. 4. The output voltages are 
sinusoidal with low THD equals 2.43%. The peak value of the output voltage for any phase at steady-
state is 283 V. The figure shows that the output voltages take a half cycle to reach steady state operation. 
The inductor filter currents of the three phases (if) are shown in Fig. 5. These currents have a high value 
at starting point. A constrain can be set, within the control algorithm, to limit the value of the maximum 
inverter output currents. The output DC voltage from the bridge rectifier (Vodc) is shown in Fig. 6. The 
output DC voltage has an average value equal to 461.5 V with ripples (peak to peak) of 11.7 V (i.e. 
2.54%). The DC output voltage has a starting overshoot value reaching as high as 598 V. 

B. Results with two-step prediction horizon with non-linear load and constraint 
The MPC algorithm lends itself easily to implementing such a constraint which is added to the 

cost function as: 

 ( ) ( )2 2* *
2 ( 2) ( 2)c c c cg v v k v v k hα α β β= − + + − + +   (25), 

where “h” is a penalty factor. In this work, “h” is set to infinity when the inductor currents, if, exceeds 
its maximum steady-state value (if,max=30 A). And if if is less than or equal to if,max, “h” is set to zero. 
Now, the controller chooses the voltage vector that minimizes the error between the output voltage and 
its reference while the inductor currents are lower than if,max. 

The three-phase inductor filter currents are shown in Fig. 7. Here, the inductor filter currents are 
limited to imax at starting. Fig. 8 shows the output voltages of the three phases. The output voltages are 
nearly sinusoidal with THD equal to 2.49% at steady state. The peak value of the output voltages is 
282.5 V with a line-line peak value of 488.4 Volts (VUR=97.7%). The figure shows that the output 
voltages take approximately two cycles to reach its steady state operation. At the first two cycles, the 
output voltages are highly distorted because the constraint is active as shown in Fig. 7. Then, the inductor 
filter currents are lower than imax so, the constraint becomes inactive. The bridge rectifier output DC 
voltage (Vodc) is shown in Fig. 9. The DC output voltage takes 50 milliseconds to reach its steady state 
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value. However, it does not experience any overshoot at starting. The mean value of Vodc is 462.6 V with 
ripples (peak to peak) equals 11.2 V, i.e. 2.42%. 

The switching energy losses of a switch can be calculated from a polynomial of the switched voltage 
and current in (26), where k1, k2,…, k5 are derived from a least-square approximation of measured data 
[21]. For simplicity, some terms of the polynomial can be neglected and only the first term is 
considered[22]. So, the energy losses are expressed as in (27). The IGBT model NGTB40N60IHLWG 
is used for the analysis which has ratings of 600 V and 40 A [23]. The switch turn-on delay time and 
rise time are 0.11 µs, and the turn off delay time and fall time are 0.21 µs at 25oc. A maximum value of 
Tc is taken equal to 0.3 µs. The switched current is the same as that in the inductor filter and the switched 
voltage is the line-to-line voltage between the input phases involved in the commutation. The switching 
energy losses are shown in Fig. 10. The switching losses are increased when the constraint is active yet 
reduced when the constraint is inactive. Hence, the efficiency has a low value when the constraint is 
active and is as high as 95% in steady state operation. The efficiency of the system is shown in Fig. 11. 

 2 2 2 2 2
1 2 3 4 5L s s s s s s s s sE k i v k i v k i v k v k i v= Δ Δ + Δ Δ + Δ Δ + Δ + Δ Δ  (26) 

 1 ( ) ( ) ( )
6c c

c
L s s s s s sT T

T
E k i v p t dt i t v t dt i v= Δ Δ = = = Δ Δ   (27) 

 
Fig. 3. Non-linear load 

 
Fig. 4. The output voltage (vc) of the three phases with non-linear load (a) phase a, (b) phase b, (c) 
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Fig. 5. The inductor filter current (if) of the three phases with non-linear load Phase a, (b) phase b, (c) 

phase c 

 
Fig. 6. The DC output voltage (Vodc) from the bridge rectifier with non-linear load 

 
Fig. 7. The inductor filter current (if) of the three phases with constraint (a) Phase a, (b) phase b, (c) 
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Fig. 8. The output voltage (vc) of the three phases with constraint (a) Phase a, (b) phase b, (c) phase c 

 
Fig. 9. The DC output voltage (Vodc) from the bridge rectifier with constraint load 

 
Fig. 10. Energy losses during the switching process with constraint 
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Fig. 11. Efficiency of the system with constraint 

V. CONCLUSIONS 
Model Predictive Control (MPC) is easy to implement and can efficiently deal with nonlinearity and 

constraints. It has been shown in the paper that the proposed system achieves good load voltage 
regulation with low THD and fast transient response with non-linear loads. Here, a constraint is added 
to limit the inductor filter currents with non-linear load to its maximum steady-state value. 

It is worth noting that the FCS-MPC does not require PWM modulator to produce the switching 
signals of the inverter. But the output of the controller itself is the switching signals according to which 
the voltage vector of each switching state is selected to minimize the cost function. 
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