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Abstract. Delay has a significant role to play in the implementation of the predictive current control scheme as large amount of calculations are involved. Compensating delay in the predictive current controller design can lead to an improved load
current total harmonic distortion (THD) and also an increased switching frequency.
Minimization of switching frequency while maintaining the lower value of load current THD requires multiple objective optimization which is achieved by optimizing a
single objective function, constructed using weighting factors as a linear combination
of individual objective function. The effect of weighting factor on the switching frequency minimization and the current tracking error with delay compensation for the
two level voltage source inverter (VSI) are investigated in this paper. The outcomes of
the predictive current control using an optimized weighting factor which is calculated
using branch and bound algorithm with the delay compensation are compared with
the PWM based current control scheme. The experimental tests are conducted on a
2.2 kW VSI to verify the simulation observations.
Keywords. Voltage source inverter; two level inverter; predictive current control;
weighting factor; switching frequency.
1. Introduction
The three phase voltage source inverters (VSI) are predominantly used in domestic and industrial applications such as AC motor drives, AC uninterruptible power supplies, induction heating,
AC power supply from the battery and active harmonic filters (Mohan et al 1995; Bose 2002).
The quality of the output voltage generated by VSI depends on the control scheme used. The
main aim of the control scheme is to synthesize the output voltage as close as possible to the
sinusoidal waveforms. Many control schemes are developed for the total harmonic reduction
and switching loss minimization (Holtz 1994). Among the various control schemes available for
power converters hysteresis based control and linear control combined with a modulation stage
∗
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are well-established and simple to implement. The variable frequency requirement for hysteresis based control causes resonance problems which further leads for bulky and expensive filters.
Using linear control scheme, it is very challenging to meet the multiple control objectives for
appropriate control demands (Shu et al 2007; Saribulut et al 2012; Mondal et al 2003; Dordevic
et al 2013). The continuous development in the processing capabilities of digital signal processors has enabled the implementation of the complex control techniques which were difficult to
implement earlier and now there is a strong trend towards the fully digital control of the power
converters and electrical drives. The finite state model predictive control (FS-MPC) has emerged
as a powerful alternative to the control of power converters and electrical drives (Abu-Rub et al
2004) due to its fast dynamic response, easy inclusion of system nonlinearity, precise current
control and multi-objective optimization. The FS-MPC for current control of a a three phase VSI
has been implemented by (Rodriguez et al 2007) by taking into account all the switching states
of the inverter. Since then the FS-MPC technique has been widely explored by the researchers
and the academicians for the control of the power converters and the electrical drives (Judewicz
et al 2013; Kouro et al 2009). The two level inverter contains seven distinct switching states viz.
six distinct states and two zero states. Conventionally, for reference current tracking control in a
two level VSI, the objective function is evaluated for seven distinct switching states and the optimized switching state is one which minimizes the given objective function. As implementation
of predictive control requires prediction of the future states and online optimization to calculate
the optimized switching state, the algorithm can be computationally demanding and the delay
has a significant role to play in the performance of the predictive controller. It can deteriorate
the performance if not considered in the design. (Cortes et al 2012) have shown that THD of the
load current is improved if delay is properly considered in the design. However, the switching
frequency almost got doubled (Fischer et al 2014; Preindl et al 2011). The possible solution to
reduce the switching frequency and to maintain the low THD level in the load current waveform
can be the multi-objective optimization (Cortes et al 2009). The multiple objectives in a model
predictive control can be optimized using weighting factors as a linear combination of individual
objective function.
In this paper, the effect of multiple objective optimizations i.e., reference current tracking and
the switching frequency minimization on the performance of the two level inverter by incorporating all possible switching states of the inverter is investigated. The predictive current control
algorithm is implemented for two cases namely, (i) without delay compensation and (ii) with
delay compensation for different values of weighting factor together with an optimized weighting factor calculated using branch and bound (Cortes et al 2009) algorithm. The simulation
results obtained from the predictive current control with delay compensation schemes are compared with the PWM based control scheme. The experimental tests are conducted to verify the
simulation outcomes.
The rest of the paper is organized as follows: The modelling of the inverter and the three
phase load is presented in section 2. In section 3, the predictive current control strategy with
delay compensation and PWM based current control schemes are discussed. The details of the
experimental set-up are given in section 4. The simulation and experimental results are presented
in section 5 and the conclusions are given in section 6.
2. Modelling of the inverter and the load
The three phase RLE type load is connected to the VSI as shown in figure 1. The dynamics of
the inverter and load are described by the differential equation (Rodriguez & Cortes 2012):
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Figure 1. Two level voltage source inverter with R-L-E load.

The two switches in each inverter leg operate in a complementary mode in order to avoid
short circuiting of the DC source. The output phase to neutral voltages Van , Vbn , Vcn of the three
phase inverter is given as follows (Bose 2002):

where


sa =

Sb =

Sc =

⎞
Van = Sa ∗ Vdc
Vbn = Sb ∗ Vdc ⎠ ,
Vcn = Sc ∗ Vdc

(1)

1 if S1 is on and S4 is off
0 if S1 is off and S4 is on

(2)

1 if S2 is on and S5 is off
0 if S2 is off and S5 is on

(3)

1 if S3 is on and S6 is off
0 if S4 is off and S6 is on.

(4)

Considering a = ej 2π/3 as unit vector, representing the 120◦ phase displacement between the
phases and the space vector, the output voltage of the inverter can be written as:
u=

2
(van + avbn + a2 vcn ),
3

(5)

using (5) the output voltage of the inverter for the eight possible switching states of the inverter
can be determined.
The three phase load and the dynamics is described by the KVL equation
u = Ri + L

di
+ e,
dt

(6)
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where u is the inverter output voltage, R is the load resistance, L is the load impedance, e is the
back emf and i is the load current. The load model can be expressed in two phase stationary
frame using Clarke’s transformation matrix (7)
⎡ ⎤
  
 a
2/3√ − 1/3 √
− 1/3 ⎣ ⎦
α
b ,
=
(7)
β
0 3/3 − 3/3
c
where a, b and c are the phase variables of voltage or current and α, β are the vectorial variables.
Using (7), (6) can be written as:
uα,β = Riα,β + L

diα,β
eα,β ,
dt

(8)

where uα,β is the inverter voltage vector, iα,β is the real and imaginary parts of the load current
vector and eα,β is the real and imaginary parts of the load back emf.
Using forward Euler’s approximation di/dt can be written as
diα,β
iα,β (k + 1) − iα,β (k)
≈
.
dt
Ts

(9)

Using (8) and (9), the predicted load current can be rewritten as
iPα,β (k + 1) = 1 −

RTs
L

 Ts

iα,β (k) +
uα,β (k) − eα,β (k) ,
L

(10)

eα,β (k) is the estimated back emf, iPα (k + 1) , iPβ (k + 1) is the predicted real and imaginary part
of the load current vector. Using (10) the load current can be predicted. The real and imaginary
parts of the estimated back emf can be predicted using following Eq. (11), which can be derived
using (10) as
eα,β (k − 1) = uα,β (k − 1) −


L
L
iα,β (k) − R −
Ts
Ts


iα,β (k − 1) .

(11)

3. Current control schemes
The predictive current control scheme and the PWM based current control schemes are discussed
in the following section.
3.1 Predictive current control scheme
The schematic of the predictive current control scheme is shown in figure 2. The load currents
are measured and are converted into two phases using Clarke’s transformation. The current error
is calculated between the reference current and the load current. Using the load model as derived
in section 2 and the measured load current at the current sampling instant, the value of the load
current for the next sampling instant and the load back emf at the current sampling instant for
seven possible switching states of the inverter is predicted using (10) and (11), respectively. The
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Figure 2. Line diagram for predictive current control.

switching state which minimizes the cost function given by (12) is chosen as the optimized state
and is applied at the next sampling instant


p
(12)
g (k + 1) = iαr (k + 1) − iαp (k + 1) + |iβr (k + 1) − iβ (k + 1)|.
For two objective functions i.e., the reference current tracking and the switching frequency
minimization the objective function is defined by (13)


p
(13)
g (k + 1) = iαr (k + 1) − iαp (k + 1) + |iβr (k + 1) − iβ (k + 1)| + λs Ns .
Ns represents the number of switchings involved when changing from the present state to
the future state. λs is the weighting factor, used for the relative importance of the switching
frequency.
The more the value of the weighting factors, more will be the importance of that particular
objective. The value of these weighting factors can be determined through branch and bound
algorithm. The branch and bound algorithm is described in the following section.

3.1a Delay compensation: The real time implementation of FS-MPC requires prediction of
future states, which requires a large number of calculations, introducing a considerable delay in
the actuation. The delay can deteriorate the performance of the predictive current control strategy
if not considered in the design. A three phase 2L-VSI contains seven distinct switching states,
the predicted current and the cost function is evaluated seven times in one sampling period.
Hence depending upon the sampling frequency and speed of the microprocessor, there is a
significant time elapsed between the measurement of the load currents and the application of
new switching state. The timing of various tasks is shown in figure 3.
The timing of different tasks is explained as follows: (i) Apply the new switching state. (ii)
Load current measurements. (iii) Back emf estimations. (iv) Load current prediction and selection of optimal switching state. (v) The optimal switching state is applied at t = k+1 and effect of
voltage vector is visible at time k+2. (vi) Current i(k+1) is estimated using previously calculated
v(k) and measured current. (vii) Predicted current is calculated for time t = k+2.
A simple solution to compensate this delay is to take into account the calculation time and
apply the selected switching state after the next sampling instant. The predictive current control
algorithm with delay and without delay compensation is shown in figures 4a and b, respectively.
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Figure 3. Timing of different tasks.

3.1b Branch and bound algorithm: The AOF or single cost function as given in (13) is used
for optimization. The weighting factors are calculated using branch and bound algorithm. The
branch and bound algorithm for two objective functions g1 and g2 are shown in figure 5. The
algorithm starts with the four different values of the weighting factors λ1 = 0, λ2 = 1, λ3 = 10
and λ4 = 100. The objective function given in (13) is evaluated and for the mentioned values
of λ. Let for λ1 and λ2 we get the small numerical value of the cost function g compared to λ3
and λ4 .
The λ is modified as the average of λ1 and λ2 which is 0.5. The cost function is again evaluated
for λ1 , λ2 and λ. Let this time the minimum value lies between λ1 and λ i.e., 0 <= λ <= 0.5 the
λ is modified to 0.25 as shown in figure 5. The procedure is repeated till we get the minimum
value of the cost function (Cortes et al 2009).

(a)

(b)

Figure 4. Predictive current control algorithm (a) with delay compensation, (b) without delay
compensation.
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Figure 5. Branch and bound algorithm.

Figure 6. PWM based current control scheme.

3.2 PWM current control scheme
The PWM based current control scheme is shown in figure 6. The measured three phase load
currents are converted to two phase currents and are then compared to the reference two phase
currents. The current error is processed by a PI controller, which is used to generate the reference
voltage signal. The reference voltage signal is compared with the triangular carrier wave of high
frequency and the output of the comparator is used to control the each inverter leg. The maximum
switching frequency in the PWM based method depends on the carrier frequency used. The
performance of the control scheme is governed by the tuning of the PI controller. A good steady
state response can be obtained from this control scheme.

4. Experimental set-up
The real time experiments are carried out with a 3 voltage source inverter in an intelligent
power module (IPM) connected to three phase load. The dSPACE (DS-1104) is used for interfacing the IPM that contains the gate drive mechanism, six IGBTs and the protection circuits to
the three phase load. The load currents are sensed using Hall effect current sensors (LTS 25-NP)
and are acquired through a 12-bit analog to digital converters. The hardware schematic for real
time implementation is shown in figure 7 and the snapshot of the experimental set-up is shown
in figure 8. The three phase variable inductive load from M/s Powercap Systems; rated at 415 V,
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Figure 7. Hardware schematic for real time implementation.

Figure 8. Snapshot of experimental set-up.

0–15 A, 50 Hz is connected to the IPM module and the load parameters are determined by conducting conventional tests. The load parameters and the rating of the devices are shown in the
appendix A.
The three phase output of the auto transformer is connected to the IPM module which contains
a 3- uncontrolled diode bridge rectifier. The rectifier is rated at (60 A,1200 V). The maximum value of DC link voltage is 750 V. DC link voltage is applied to the 3- IGBT bridge
inverter. The PWMs are generated for six IGBTs depending upon the error between the reference current and the measured load current. A dead band of 5 μ s has been provided between
two complementary PWM signals.
5. Results and discussions
5.1 Simulation results
The discrete time model of the three phase inverter and the load is developed and the computer
simulations are carried out using Matlab/Simulink. In order to have a fair comparison between
the simulation and experimental results, the same parameters are being used for computer simulations and experimental validations. The load parameters are given in the appendix A. The
predictive current control scheme with/without delay compensation and PWM based current
control are implemented. The implementation of the delay compensation in the predictive current controlcan be found in Cortes et al (2012). The predictive current control technique is further
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Figure 9. Results of predictive current control with an optimized weighting factor (a) reference current
tracking, (b) α(blue line)-β(red line) components of current, (c) three phase current and (d) spectrum
analysis of load current.
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evaluated for different values of weighting factors. The cost function defined in (13) is evaluated
for all possible switching states of the inverter for λ = 0, 0.01, 0.05 and 0.1. The optimized value
of λ is calculated using the branch and bound algorithm. The optimized value of λ is 0.05.
The simulation results of the predictive current control with an optimized weighting factor
λ = 0.05 are shown in figures 9 and 10. The current tracking performance is shown in figure 9a.
The calculated mean square error (MSE) for the reference current tracking is 0.0066. The α, β
components of load current are decoupled from each other as shown in figure 9b. The three phase
load currents are shown in figure 9c, and the spectrum analysis of the load current is shown in
figure 9d, the calculated THD for the load current is 1.90%.
The dynamic performance of the predictive current control is tested by changing the reference current amplitude from −4A to −2A, at time t = 0.035 s. The step response is shown in
figure 10a. A good dynamic response is seen as the real component of the load current reaches
its reference in very small time. The α and β components of load current are decoupled from
each other as shown in 10b.
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(b)
Figure 10. Results of predictive current control for (a) step change in input reference current current (blue
line) measured current (red line) and (b) decoupled α(blue Line)-β(red line) current.
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Figure 11. Results of PWM based current control scheme (a) ref. current (blue line) and load current (red
line), (b) three phase current and (c) spectrum analysis of load current.

The simulation results of the PWM based current control schemes are shown in figure 11.
The response to a reference current tracking erros is shown in figure 11a, the measured current
is shown by red line and the reference current is shown by blue line. The MSE for reference
current tracking for PWM based current control scheme is 0.0135 slightly higher as compared to
the predictive control scheme. The calculated current THD of the load current is 5% as shown in
figure 11c. The summary of the simulation results is presented in table 1. For predictive current
control without delay compensation approach the current tracking MSE is 0.0178, THD of load
voltage is 24.52% and the load current is 4.95%, are on the higher side as compared to the delay
compensated approach for λ = 0. Moreover, with the delay compensation approach for λ = 0,
the switching frequency is increased to almost 1.8 times. Introducing delay compensation for
multiple objective optimizations, the MSE for current tracking, THD of load voltage and load
current are the lowest for an optimized weighting factor, λ = 0.05. The switching frequency is
reduced to less than half as compared to the case where, λ = 0 and is almost the same as in case
of PWM based method.
Table 1. Simulation results of predicted current control techniques.

Performance index
Current MSE
Voltage THD %
Load current THD %
Average switching frequency

Without delay
compensation
0.0178
24.52
4.95
2.61 kHz

Predictive current control
With delay compensation
λ=0
λ = 0.01 λ = 0.05
λ = 0.1
0.0045
28.56
1.73
4.7 kHz

0.0049
28.78
1.86
3.6 kHz

0.0066
27.50
1.90
2.2 kHz

0.0073
31.12
2.2
1.09 kHz

PWM
0.0135
38.31
5.00
∼2k Hz
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5.2 Experimental results
The real time experiments are carried out for using the available hardware and dSPACE (DS1104). The predictive current control of two level VSI is investigated for the weighting factors
as considered in simulink implementations. The experimental results of the predictive current
control strategy for an optimized weighting factor are shown in figure 12. The reference current
tracking response is shown in figure 12a, the yellow line shows the measured current and the
green line shows the reference current. The calculated tracking error is 0.0088.
The α-β components of load currents of load current are decoupled from each other as
shown in figure 12b. The three phase load current is shown in figure 12c and the calculated

(a)
(b)

(c)

(d)
Figure 12. Experimental results of predictive current control (a) current tracking; (yellow line: load current and green line ref. current), (b) α (blue line)-β(red line) components of load current, (c) three phase
current and (d) spectrum analysis of the load current.
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Figure 13. Response of the predicted current control technique (a) reference current tracking (reference
current: green line and measured load current yellow line) and (b) α(blue line)-β(red line) components of
load current are decoupled from each other.

THD for the load current is 3.6% as shown in the spectral analysis of the load current in
figure 12d.
The dynamic performance of the predictive current control is evaluated by introducing the
step change in the reference current iαr , while the other component iβr left unchanged. The fast
dynamic response is observed as load current iα reaches its reference value in quick time as
shown in figure 13a by yellow line and the iβ component remains unaffected by this step change
as shown in figure 13b by red line. The experimental results for the PWM based current control scheme are shown in figure 14. The current MSE for PWM based method is 0.0320. The

(a)

(b)

(c)
Figure 14. Experimental results of PWM based current control scheme (a) reference current tracking (ref
current: yellow line and load current:green line), (b) three phase current and (c) spectrum analysis of load
current.
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Figure 15. Results of PWM based method for reference current tracking (ref. current: yellow line and
load current:green line).

spectral analysis for the for PWM based method is shown in figure 14c. The calculated THD
for PWM based method is 5.7%. The dynamic reponse of the PWM based method is shown in
figure 15. The load current reaches the reference value in quick time, but tracking response is
slightly slugish as compared to the predictive current control technique. The summary of the
experimental results of the control schemes is shown in table 2.
For the predictive current control strategy with delay compensation and λ = 0, the current
MSE is 0.0051, voltage THD is 28.7% and the load current THD is 3.67% are reduced and
switching frequency got almost doubled as compared to the predictive current control strategy
without delay compensation. For multiple objective optimizations with delay compensation the
MSE for current tracking, THD of load voltage and load current are on the lower side for an
optimized weighting factor λ = 0.05. The switching frequency is reduced to 1.6 times and
is almost the same as in case of PWM based method. The current MSE, load voltage THD
and load current THD obtained using PWM based control scheme are higher as compared to
the predictive control scheme with an optimized weighting factor. The proposed approach is
slightly more computationally demanding as compared to the other implemented techniques.
The average execution time calculated using dSPACE profiler for the predictive current control
strategy with delay compensation is 14.21 μ s, which is slightly higher as compared to the
conventional current control technique without delay compensation which took around 10.78 μ
s to run on the same platform.

Table 2. Summary of experimental results.

Performance index
Current MSE
Voltage THD %
Load current THD %
Average switching frequency

Without delay
compensation
0.0230
32.21
7.1%
2.4 kHz

Predictive Current Control
With delay compensation
λ=0
λ = 0.01 λ = 0.05 λ = 0.1
0.0051
28.7
3.67
4.4 kHz

0.0057
29.5
3.42
3.58 Hz

0.0088
30.40
3.60
2.81 kHz

0.0119
32.26
4.91
2.1 kHz

PWM
0.0320
38.90
5.7
∼2.0 kHz
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6. Conclusion
In this paper, a predictive current control strategy for multiple objective optimizations with
delay compensation is analysed and implemented using dSPACE (DS-1104). It has been verified through simulations and experimental tests that by incorporating the delay in the design of
the predictive current controller an improved performance in terms of tracking MSE, current and
voltage THD can be obtained. Moreover, the switching frequency and the load current THD can
be minimized simultaneously while the good tracking and dynamic response is maintained. The
optimized weighting factor for multi-objective optimizations can be calculated using branch and
bound algorithm. The results obtained using the proposed approach are better in terms of current MSE, load current and load voltage THD as compared to the PWM based method while
the average switching frequency remains same for both the techniques. In comparison to the
PWM based control technique the proposed control technique is simple to implement, offers fast
dynamic response, flexibility to optimize multiple objectives and is free from PI controller gains
tuning as required in PWM based control scheme.

Appendix A
Load parameters.
Parameter

Value

R
Ls
Vdc
e
Iref
Ts

10 
46.3 mH
300 V
100 V
4A
50 μ s

IGBT Intelligent Power Module (25A, 1200V).
Parameter
Value
Switching frequency
Braking of IGBT
Maximum DC link voltage
Fault output current
Fault output voltage
Variable inductive load

20 KHz (Max.), 10 KHz(Nominal)
10 A, 1200 V (Max), 6 A (Nominal)
750 V750 V
20 mA (Max.)
20 V (Max.)
3, 415V, 0-15A, 50 Hz
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