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rmcaporal@hotmail.com

ICBI-AACyE
CONACyT-Univ. Aut. Edo. Hgo.
Hidalgo, México
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Abstract—The model predictive control (MPC) for single-phase
cascaded H-bridge (CHB) five-level inverter is presented. The
discrete-time model of the CHB five-level inverter as well as
the MPC algorithm proposed for this system are explained in
detail. These are programmed and simulated digitally using the
Matlab/Simulink software to observe the performance of the
inverter in terms of the total harmonic distortion (THD) of the
current and the tracking of its reference, especially when the
current reference presents sudden changes. The developed MPC,
which is discrete in nature, is compared to a level shifted pulse
width modulation (PWM) control scheme, as it is one of the
most widely used modulation strategies in this type of multilevel
converters, to perform a comparative analysis. The simulation
results show that the MPC algorithm presents an excellent
performance, especially when sudden load changes occur and
in the THD level that the current presents.
Index Terms—Cascaded H-bridge, model predictive control,
multilevel converter, PWM.

I. I NTRODUCTION
In recent years, multilevel converter topologies have attracted a lot of attention from researchers and developers, due
to their wide range of applications in the industrial sector
[1]–[3]. According to the consulted literature, three main
types of multilevel converter are the most used: cascaded Hbridge (CHB), fixed neutral point clamped (NPC), and flying
capacitor (FC) converters [2]. However, the CHB topology is
the most widely used due to its greater hardware modularity,
ease of control, and lower cost [4].
Regarding the control of multilevel converter, the standard
linear controllers (PI or PID) are the most used together with
some modulation techniques based on pulse width modulation
(PWM) with multicarrier signals [5] such as phase shifted
PWM, level shifted PWM, etc., or with space vector modulation strategy [6]. This is due to the relative ease of controller
design and the rapid digital implementation of the modulator.
However, linear controllers present some drawbacks, such as
high start-up overshoot, sensitivity to parameters, and slow
response to sudden load changes. Therefore, some nonlinear
control techniques have been investigated, such as sliding
mode control (SMC) [7], model predictive control (MPC)
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[8]–[10] and those based on artificial intelligence (AI) algorithms [11]–[13], in order to overcome the limitations of
linear controllers and also to improve steady-state and transient
performance.
Of the aforementioned advanced control strategies, MPC
scheme is the one that has attracted the most attention
from the power electronics community, due to its nature to
be implemented digitally without computational delay. MPC
solves an optimization problem, at each discrete instant, to
select the switching state to be applied to the converter. This
optimization problem refers to the minimization of a cost
function that represents the expected behavior of the system
in a finite horizon, thus obtaining a fast dynamic response, the
intuitive handling of multivariables and the easy inclusion of
system restrictions [8], [9].
MPC predicts the control variable behavior with help of the
discrete model of the system and selects the optimal voltage
vector that minimizes a cost function at the next sampling
time TS [14]. For this purpose, MPC evaluates all possible
switching combinations to obtain the optimal solution. This
evaluation process must be completed within the TS , which
is often restricted by the switching frequency at which the
power converter can operate. Therefore, it is desirable to keep
the number of changes to be evaluated as small as possible to
reduce the switching combination.
In this paper, the classical MPC algorithm is analyzed and
programmed for the single-phase CHB five-level inverter, as
shown in Fig. 1. The control scheme ensures excellent control
of load current and voltage, as well as an excellent dynamic
response compared to control techniques that use a modulator.
The developed algorithm is tested through simulations using
Matlab/Simulink software.
II. S INGLE P HASE 5-L EVEL CHB INVERTER
A. Discrete-time Model
Fig. 1 shows the single-phase CHB 5-level inverter, which
is constituted by two H-bridge IGBT-based and each one
is powered by independent voltage source, defined as VDCa
and VDCb . L and R denote a resistive-inductive load, and iL
represents the load current.

In order to be consistent with the discrete nature of the
inverter, new switching functions Sa and Sb are defined as
Sa , Sb ∈ {−1, 0, 1}

(5)

every combination of Sa , and Sb can produce a finite number
of output voltages vab [15].
The output voltage of the single phase of the 5-level inverter
can be generated using sixteen possible switching states j of
the power inverter. To limit the number of transitions of each
IGBT between consecutive levels of voltage and l transitions
in case of nonconsecutive l-levels to one, only nine states can
be used (j = 1, ..., 9), as shown in Table I.
TABLE I
O UTPUT VOLTAGE V ECTORS FOR THE S INGLE -P HASE 5-L EVEL CHB
I NVERTER , C ONSIDERING VDCa = VDCb .
Fig. 1. Single-phase cascaded H-bridge five-level inverter.

The outputs of the H-bridge cells are connected in series
such that the synthesized voltage waveform is the sum of all
the individual cells outputs.
The mathematical model of the system can be written as
follows
diL
L
= vab − RiL
(1)
dt
a discrete-time form of the load current for a TS is used to
predict the future value of load current with the voltage vector
and the measured current at the present discrete sampling
instant [k]. Thus, approximating the derivative di/dt by
di
i [k + 1] − i [k]
=
dt
TS

(2)

and replacing it in (1), the discrete-time model of the load
current can be written as
iL [k + 1] − iL [k]
1
= {vab [k] − RiL [k]}
TS
L

(3)

It is well known that, although the control algorithm is
properly implemented, the application of the preselected voltage vector does not take place at [k + 1], because the digital
system needs at least one TS more to apply the switching state,
causing a “delay”. Then, to compensate the computational
delay, the variables to be controlled should be predicted for
[k + 2] in order to perform a correct digital implementation
[14].
B. Switching States
Assuming that VDCa = VDCb , the output voltage of the
inverter vab has five possible levels depending on the combination of the switching signals Sx1 , Sx2 , with x ∈{a, b},
besides S̄x1 , S̄x2 , work in a complementary way. Thus, the
output voltage vab can be expressed as
vab = VDCa (Sa1 − Sa2 ) + VDCb (Sb1 − Sb2 )

(4)

j
1
2
3
4
5
6
7
8
9

(Sa , Sb )
(1, 1)
(0, 1)
(−1, 1)
(1, 0)
(0, 0)
(−1, 0)
(1, −1)
(0, −1)
(−1, −1)

vabj
2VDC
VDC
0
VDC
0
−VDC
0
−VDC
−2VDC

Each state produces a resultant output voltage vector vabj
with j ∈{1, ...9}.
III. M ODEL P REDICTIVE C ONTROL
MPC needs to measure a set of variables at every TS
and predicts the behavior of the variables for at least one
more sampling time in the future, to predict the best voltage
vector to be applied at the future sampling time to minimize a
cost function, usually expressed as g [8]–[10], [14]–[16]. g is
formulated based on a number of predicted control variables
for at least one more sampling time i.e., at TS [k + 1], and on
the control references.
The conventional MPC algorithm runs as follows: once the
corresponding variables have been measured, and considering
that TS is very small, the future value of the reference of
the current can be predicted by means of an interpolation as
follows
i∗L [k + 1] = 3i∗L [k] − 3i∗L [k − 1] + i∗L [k − 2]

(6)

After that, the algorithm predicts the value of the measured
load current and its future slope for each of the nine possible
future values of vab , according to table I. The current predictions are done by assuming a linear slope of the current.
The voltage vectors vabj have different influences on the future
values of the load current iL [k+1], iL [k+2], etc., as illustrated
in Fig. 2. In case in which the future reference value of the
current i∗L [k + 1] will be higher than the measured one at the
present instant, a vabj =1 is selected to increase the current and
a vabj =0 or -1 can be applied to decrease the current. On the

applied at the next sampling time is performed by minimizing
the cost function.
Stability analysis of the proposed MPC scheme has not been
included here. However, a detailed analysis of the stability of
power converters controlled with conventional MPC scheme
can be consulted in [17].
IV. S IMULATED R ESULTS
To verify the performance of the developed MPC algorithm
for the single-phase five-level inverter, it was programmed in
Matlab/Simulink software. The parameters of the single-phase
five-level CHB inverter are listed as: VDCa = VDCb = 100V ,
i∗L = 70sin(377t), R = 2Ω, L = 5mH and TS = 50µs.

Fig. 2. Current performance with MPC (Steady-State).

other hand, when the load current is negative, the algorithm
works in the opposite way.
In the dynamic case, the switching state that quickly follows
the reference is selected, and this voltage vector is maintained
for the entire switching period and for many consecutive
periods as necessary.
All possible future values of the load current associate with
the applied voltage vector vabj of the single-phase CHB fivelevel inverter are predicted with (3) as follows

iLj [k + 1] =


TS
{vabj [k] − RiL [k]} + iL [k]
L

A. MPC Scheme
Fig. 4 shows the response of the voltage and the current
at the output of the single-phase five-level DC/AC converter
with the programmed MPC algorithm.
Fig. 5 displays a simulation of the transient response when
the amplitude of the reference current suddenly decreases
by 40%. The system presents good dynamic since the same
selected voltage vector that best minimizes the error between
the currents is maintained for several consecutive sampling
periods in order to follow the reference current as quickly as
possible, as it can be seen in Fig 6.

(7)

When (7) is used to predict the output current at instant [k+
1], it is recommended to use a low value for the sampling time
(TS < 50µs), in order to maintain a low current ripple. Also,
during implementation, the maximum switching frequency at
which power devices can operate must be considered.
Then, to determine which one of the nine available voltage
vectors is the optimal one to be applied, the cost function must
be evaluated. In this paper, the cost function g has a singlegoal which is to achieve a minimum current error tracking,
and it is evaluated as [16]
g = (i∗L [k + 1] − iLj [k + 1])

2

(8)

Fig. 4. Output voltage and current of the single-phase CHB five-level inverter
with predictive current control (steady state).

A simplified block diagram of the developed MPC scheme
for single-phase 5-level CHB inverter is shown in Fig 3.
Considering j voltage vectors and the measured load current,
it is possible to estimate j future trajectories of the current.
Finally, the selection of the optimal voltage vector that will be

Fig. 3. Block diagram of the MPC for single-phase 5-level CHB inverter.

Fig. 5. Output voltage and current of the single-phase CHB five-level inverter
with predictive current control (dynamic state).

Fig. 6. Zoom of the load and reference currents at the instant when the
amplitude of the reference current suddenly changes.

Fig. 8. Output voltage and current of the single-phase CHB five-level inverter
with Level Shifted PWM (dynamic state).

It is worth mentioning that the system parameters should
be as exact as possible and, if necessary, estimators should be
used to keep the prediction algorithm as accurate as possible,
otherwise the predictions may be inaccurate, and the control
system could become unstable.
B. Carrier-Based Techniques
Carrier-based techniques generate the switching signals by
comparing a low-frequency sinusoidal reference signal, which
determines the frequency of the inverter output current, against
a group of carriers with a frequency similar to the switching
frequency of the power transistors and the most common
modulation techniques are listed below:
• Phase Shifted PWM.
• Level Shifted PWM.
• Phase Disposition PWM.
• Phase Opposition Disposition PWM.
• Alternate Phase Opposition Disposition PWM.
Of these modulation techniques, the one that is most frequently implemented in multilevel converters according to the
literature is the Level Shift PWM technique, because it is the
simplest and easiest to implement digitally, in addition to the
fact that it is the one that presents less total harmonic distortion
(THD) [5], [18]–[20]. Therefore, this technique has also been
programmed in Matlab/Simulink to performance comparisons
against the MPC scheme.
When carrier-based techniques are implemented, the number of carrier signals Np required to generate a given number
of n levels in the output voltage is determined by
Np = n − 1

(9)

thus, for the topology of the studied multilevel inverter of
the Fig. 1, four carrier signals were programmed as shown in

Fig. 9. Output voltage and current of the single-phase CHB five-level inverter
with MPC (dynamic state).

Fig. 7. In this case, the frequency of the carries has been
programmed so that the switching frequency of the power
transistors is similar to the switching frequency that occurs
when the MPC runs.
Fig. 8 shows simulate results of the output voltage and
current of the single-phase CHB five-level inverter with Level
Shifted PWM in steady state.The same parameters were used
as those used in the simulation of the developed MPC strategy.
In this figure it can be seen that the change in current level is
carried out more slowly than with the MPC technique, as can
be seen in Fig. 9, this is because the MPC scheme does not
use a modulator.
Fig. 10 displays the THD of the current when the Level
Shifted PWM runs. The current shows a THD of the order of
1.22% which is considered acceptable within the norm IEEE
Std. 519-2014.
Finally, Fig. 11 shows the THD of the current when MPC
algorithm is used. In this case, the current shows a THD of
the order of 0.79%, which is less than that obtained with the
technique that uses modulator.
In this way, the correct programming of the MPC algorithm
is demonstrated, and that this advanced control technique
shows excellent current dynamics in terms of fast reaction
and shows low current harmonic distortion, compared to other
commonly used control techniques.
V. C ONCLUSIONS

Fig. 7. Modulation Level Shifted PWM.

In this paper, the classical MPC for a single-phase CHB fivelevel inverter has been presented. The used multilevel topology
of the inverter features several advantages, such as the capacity

Fig. 10. Steady-state THD of the current with Level Shifted PWM.

Fig. 11. Steady-state THD of the current with Level Shifted MPC.

to operate at a lower switching frequency than a two-level
inverter, high-quality currents and modularity. It has been
shown that the developed predictive algorithm controls the
load current very well, having an excellent dynamic response
compared to control techniques that use a modulator.
A comparative analysis was carried out between the MPC
algorithm and one of the most used strategies that uses PWM,
and it was observed that the MPC algorithm presents less
harmonic distortion in the current than its counterpart that uses
the PWM technique.
The MPC scheme is simple and powerful, and advantageously considers the discrete nature of the power converter.
However, it should be mentioned that for its correct implementation and due to the high number of calculations in each
sampling period, the use of a high-performance digital system
such as a DSP or an FPGA is necessary.
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