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Abstract — This paper presents a maximum power point tracking 
(MPPT) technique using model predictive control (MPC) for 
single phase grid connected photovoltaic (PV) systems. The 
technique exhibits fast convergence, which is ideal for rapidly 
varying environmental conditions such as changing temperature 
or insolation or changes in morphology of the PV array itself. 
The maximum power of PV system is tracked by a high gain DC-
DC converter and feeds to the grid through a seven-level inverter. 
Considering the stochastic behavior of the solar energy resources 
and the low conversion efficiency of PV cells, operation at the 
maximum possible power point is necessary to make the system 
economical. The main contribution of this paper is the 
development of incremental conductance (INC) method using 
two-step model predictive control. The multilevel inverter 
controller is based on fixed step current predictive control with 
small ripples and low total harmonic distortion (THD). The 
proposed MPC method for the grid connected PV system speeds 
up the control loop by sampling and predicting the error two 
steps before the switching signal is applied. As a result, more 
energy will be captured from the PV system and injected into 
grid particularly during partially cloudy sky. A comparison of 
the developed MPPT technique to the conventional INC method 
shows significant improvement in dynamic performance of the 
PV system. Implementation of the proposed predictive control is 
presented using the dSPACE DS1103. 

I. INTRODUCTION 
With the depletion of fossil fuels and skyrocketing levels of 

CO2 in the atmosphere, renewable energy sources continue to 
gain popularity as a long-term sustainable energy source. 
Reduction in the cost of photovoltaic cells has increased the 
interest in using this renewable energy source. The 60% 
annual growth in the installed capacity of photovoltaic (PV) 
systems from 2004 to 2009, and 80% in 2011 reveals the fact 
of their popularity as a sustainable energy sources [1, 2].  

Due to high variability of solar energy resources [3-5], 
maximum power point tracking (MPPT) is required to ensure 
continuous operation of the Photovoltaic (PV) system at the 
maximum power point [6-11]. Stochastic mathematical 
models and hourly-data driven models do not adequately 
reflect the true nature of power variability which becomes 
more readily apparent when samples at high-temporal 
resolution, such as 10 second intervals, as illustrated in Fig. 1 

which reveals higher ramp-rates than predicted using other 
lower-fidelity and stochastic models. This fact necessitates the 
MPPT procedure to track fast ramp-rates. Insolation 
conditions can also change quickly when considering non-
planar PV surfaces that are morphing shape and changing 
view factor with respect to the incident solar radiation [12-14], 
thus requiring fast MPPT convergence.  

Many MPPT methods have been suggested over the past 
few decades; the relative merits of these various approaches 
are discussed in [7]. The critical operating regime is low 
insolation. Capturing all of the available solar power during 
low insolation periods can substantially improve system 
performance. An effective MPPT controller and converter can 
use available energy to significantly reduce the amount of 
installed PV.  

Considering the MPPT techniques listed in [7], candidate 
techniques include Incremental Conductance (INC) [6], 
Perturb-and-Observe (P&O) [15], fractional Open-Circuit 
Voltage (Voc) [16], and Best Fixed Voltage (BFV) [4]. Each 
approach has certain advantages and disadvantages for the 
present application. INC is a well-known technique with 
relatively good performance; however, the INC method does 
not guarantee converge to the true maximum power point.  
Also, in practice INC is relatively slow, and that limits its 
ability to track fast transient insolation conditions. 

The PV array can feed power to the grid through a DC/DC 
converter boosting the output voltage and a grid connected 
inverter [17-24]. The main contribution of this paper is the 

 

Fig. 1: Output power of a PV array installed at Texas A&M University during 
a partially cloudy day. 
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development of the INC method using a two-step model 
predictive control for a multilevel boost DC-DC converter. 
The boost converter output power is fed to the ac grid through 
a seven level inverter controlled by model based current 
predictive method. By predicting the future behavior of the PV 
system, the proposed MPC method in an elegant, embedded 
controller that has faster response than the conventional INC 
technique under rapidly changing atmospheric conditions 
without requiring expensive sensing and communications 
equipment and networks to directly measure the changing 
solar insolation.  

II. DESCRIPTION OF COMPLETE SYSTEM 
Fig. 2 illustrates the general schematic of the complete grid 

connected photovoltaic system controlled by predictive 
methods. As it is shown, the system contains a multilevel DC-
DC boost converter to extract the maximum power from the 
PV arrays and to feed it into the grid through a seven level 
inverter. Since only one switch is used in the selected 
multilevel boost DC-DC converter topology, the control 
procedure is simpler than other topologies such as the 
switched capacitor converter with a boost stage [25]. The 
output voltage of the DC-DC converter is proportional to the 
number of levels, which can be increased by adding two 
additional capacitors and diodes. 

The DC-DC converter in this paper has three levels. At the 
dc-link stage of the system, if the average voltage across the 
capacitor C1 is Vdc, then the average voltage across capacitors 
C2 and C3 together will be 2Vdc. The detail mode of operation 

of this DC-DC converter with two levels is presented in [10], 
this concept can be extended for the three levels topology 
presented in this paper. 

The seven level inverter topology used to feed power to the 
grid can be divided into two parts: multilevel module and H-
bridge inverter. The multilevel module is cascaded with an H-
Bridge inverter operating at low frequency to reduce the 
switching losses. Table 1 demonstrates the summary of the 
output voltage levels as a function of switching states. The 
state of the switches can be represented by 0 and 1, where 
state 0 means the switch is OFF, and state 1 means the switch 
is ON.  

III. PRINCIPLE OF MODEL PREDICTIVE CONTROL 
Application of Model Predictive Control (MPC) in power 

electronics with low switching frequency comes back to 
1980’s for high power applications [26, 27]. Since high 
switching frequencies for the MPC algorithm required large 

 

 
Fig. 2: General schematic of the system and proposed model predictive control for grid connected PV system. 

 

Table 1: Summary of output voltage levels as function of switching states. 

Output 
Voltage 
(Vout) 

Multilevel Inverter Switches States 
Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10

+3Vdc 1 0 0 0 1 1 0 0 1 
+2Vdc 1 0 1 1 0 1 0 0 1 
+Vdc 0 1 1 0 1 1 0 0 1 

0 0 1 0 1 0 1 0 0 1 
-Vdc 0 1 1 0 1 0 1 1 0 

-2Vdc 1 0 1 1 0 0 1 1 0 
-3Vdc 1 0 0 0 1 0 1 1 0 

 

3068



calculation time, it was not feasible at that time which 
prevented widespread adoption. In the past decade, by 
improvement of high speed microprocessors, interest in the 
application of MPC in power electronics with high switching 
frequency has been increased considerably [10, 28-31]. 

The main characteristic of MPC is predicting the future 
behavior of the desired control variables [27, 28] until a 
specific time in horizon. The predicted control variables will 
be used to obtain the optimal switching state by minimizing a 
cost function. The discrete time model of the control variables 
will be used for prediction which can be presented as state 
space model as follow [27]: 

 

)()()1( kBukAxkx +=+  (1) 

 

)()()( kDukCxky +=  (2) 
Then a cost function that takes into consideration the future 
states, references and future actuations can be defined [27]: 

 

( ) ( ) ( )( )Nkukukxfg += ,,, "  (3) 
The defined cost function g should be minimized for a 

predefined horizon in time N; a sequence of N optimal 
actuations will be determined where the controller only applies 
the first element of sequence: 
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At each sampling time the optimization problem is solved 
again by using new set of measured data to obtain a new 
sequence of optimal actuation. The MPC for power electronics 
converters can be designed using the following steps [28]: 

• Determination of power converter model which specify 
the input-output relation of the voltages and currents. 

• Determination of discrete-time model of the control 
variables for predicting their future behavior.  

• Designing the cost function, subject to minimization, 
which demonstrates the preferred behavior of the power 
converter.  

The general scheme of MPC for power electronics 
converters is illustrated in Fig. 3 [28]. In this block diagram, 
measured variables )(KX  are used in the model to estimate 

predictions )1(
~

+KX  of the controlled variables for all of the p 
possible switching states (plants), where { }Pp "1∈  for P 
possible resulting circuit configurations (plants). These 
predictions are then evaluated using a cost function which 
compares them to the reference values )1(* +KX  by 
considering the design constraints. Finally the optimal 
actuation S is selected and applied in the converter. The 
general form of the cost function g subject to minimization can 
be formulated as 
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where λ is the value or weight factor for each objective.  
The schematic of Fig. 3 is comprehensive and can be 

applied to any power converter topology and number of 
phases as well as the generic load illustrated in Fig. 3 which 
can represent the power grid or any other active or passive 
load. In this paper the multilevel boost DC-DC converter and 
multilevel grid connected inverter as illustrated in Fig. 1 has 
been used as power conversion stage. 

IV. MODEL PREDICTIVE CONTROL OF THE SYSTEM 

A. Predictive Maximum Power Point Tracking 
The discrete time model of the DC-DC converter is used to 

determine predicted control variables: 
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Fig. 3: MPC general schematic for power electronics converters. 
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Fig. 4: Prediction of PV array side current observation. 

Time

kt = 1+=kt 2+=kt

111
~

)2( +kI L

*
1LI } 121

~
)2( +kI L

221
~

)2( +kI L

211

~
)2( +kI L

3069



[ ]
C
TnKInKIKVnKV s

LPVPVPV ×+−++=++ )()()()1( 1
 (7) 

where n+1 is the number of steps in the future being predicted 
at the current Kth step; S is 1 when the switch is ON and 0 
when the switch is OFF; and TS is the sampling time. In this 
paper the control variables predicted two steps in horizon. 
Equations (6) and (7) have four inputs IL1, Vpv, Ipv, and VC. In 
order to reduce the number of sensors, these equations can be 
rearranged by decreasing the number of input variables. Thus 
(7) can be represented as  

 

)()1(2)2( KVKVKV PVPVPV −+=+   (8) 

In order to calculate the value of control variables at time 
K+2, the estimated value of the current of the inductor, L1, and 
PV voltage at time K+1 are used. Thus at sampling time K+2, 
four values for control variables are predicted and the 
optimum value will be selected as illustrated graphically in 

 
Fig. 6: Prediction of grid side current observation. 

 
Fig. 7: Model predictive control of the multilevel inverter. 
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Fig. 5: MPC maximum power point tracking procedure. 
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Fig. 4. The derived equations can be expressed in matrix form 
by (9) and (10) when the switch is ON and OFF respectively 
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The summary of the proposed MPPT algorithm is illustrated 
in Fig. 5. 

B. Predictive Current Control 
The next step is the current predictive control of the 

multilevel inverter. The load current in continuous form can be 
determined using the following expression 

 

GridLL
L
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By using the Euler forward method, the derivative in (11) can 
be approximately discretize as 
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where Ts is the sampling period. Based on (11) and (12) the 
load side current can be predicted for n steps in horizon of 
time by using 
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where iL2(K+n) is the predicted value of the grid side current 
at time K+n. In this paper, iL2 is predicted two steps, n=2, into 
the horizon of time as illustrated in Fig. 6. The reference 
current to be tracked and the cost function, g, is given by 
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The cost function needs to be minimized by evaluating all of 
the possible switching states presented in Table 1 for each 
step. The summary of optimal switching state selection 
procedure is illustrated in Fig. 7.  

V. RESULTS AND DISCUSSION 
The proposed controller for the PV system is modeled in 

MATLAB-Simulink, and implemented in dSPACE DS1103. 
The I-V and P-V characteristics of the PV system for different 
irradiance levels are illustrated in Fig. 8. The SUNPOWER 
SPR-305-WHT is used as PV module type. The PV module 
characteristics under standard test condition (STC: solar 
irradiance = 1 kW/m2, cell temperature = 25 deg. C) are:  

• Open circuit voltage (Voc) = 64.2 V 
• Short-circuit current (Isc) = 5.96 A 
• Voltage at MPP (VMP) = 54.7 V 
• Current at MPP (IMP) = 5.58 A 

The sampling time, Ts, is 10 µs. In this paper the MPC for 
MPPT is compared to the commonly used incremental 
conductance method.  Fig. 9 illustrates the simulation results 
of the proposed MPC and INC method. As it is shown the 
MPPT is enabled at time 0.1 s, the irradiance decreases 
gradually at time 0.3 s from 1250 W/m2 to 1000 W/m2, and 
finally there is a step change in irradiance level at time 0.6 s 
from 1000 W/m2 to 1250 W/m2. By comparing Fig. 9 (d) and 
(g) to (i) and (h) respectively, it can be noticed that the 
maximum power is tracked much faster when using two steps 
in MPC-MPPT than the conventional INC-MPPT method. The 
maximum power point when using two steps MPC-MPPT is 
achieved 1 ms after the step change in solar irradiance 
occurred. Conversely it is about 4 ms for conventional INC-
MPPT. By considering continuous operation of the PV 
systems over the year, the extra amount of energy captured by 
the proposed MPPT technique is significant, particularly under 
the cloudy sky condition such as solar irradiance level of Fig. 
1. 

The simulation results of the grid side voltage and current, 
using MPC for the multilevel inverter, is illustrated in Fig. 10. 
Fig. 10 (a) and (c) show that the unity power factor is achieved 
and that the controller response to the step change in solar 
irradiance level at time 0.6 s is very fast.  

The simulation results are validated experimentally by real-
time implementation of the control strategy with dSPACE 
DS1103. Fig. 11 (a) illustrates the PV side voltage and current, 
the step change response at time 0.6 s is zoomed in. Fig. 11 (b) 
demonstrates the output voltage of the 7 level grid connected 
inverter. The grid side voltage and current are illustrated in 
Fig. 11 (c) when the step change occurs in solar irradiance at 
time 0.6 s. As it is illustrated the injected current to the grid 
has fast dynamic response. The THD of the grid side current is 
about 1.8% which is within the IEEE-519 standard [32].  

Fig. 8: I-V and P-V characteristics of the PV array. 
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 VI. CONCLUSION 
This paper presents an improved MPPT technique using 

MPC for grid connected photovoltaic systems by predicting 
the error at the next sampling time before applying the 
switching signal. The proposed two steps predictive MPPT 
technique is compared to the commonly used INC method to 
show improvement in the dynamic performance and efficiency 
of the MPPT. The technique exhibits fast convergence, which 
is ideal for rapidly varying environmental conditions such as 
changing temperature or insolation or changes in morphology 
of the PV array itself. As a result, more energy will be 
captured from the PV system and injected into grid 
particularly during partially cloudy sky without requiring 
expensive sensing and communications equipment and 
networks to directly measure the changing solar insolation. 

The maximized captured energy is fed to the grid though a 7 
level inverter controlled by means of predictive control. High 
quality current, with low THD and in-phase with the grid 
voltage, is achieved and injected into the grid by using the 
proposed predictive controller. The dSPACE DS1103 is used 
for implementing the control technique experimentally. 

ACKNOWLEDGMENT 
This publication was made possible by NPRP grant # 4-

077-2-028 from the Qatar National Research Fund (a member 
of Qatar Foundation). The statements made herein are solely 
the responsibility of the authors. 

 

Fig. 9: a) PV current by proposed MPC-MPPT b) PV voltage by proposed MPC-MPPT c) Irradiance level d) Zoomed in plot of PV current by proposed MPC-
MPPT when the step change in irradiance level at time 0.6 s occur e) PV current by INC-MPPT f) PV voltage by INC-MPPT g) Zoomed in plot of PV voltage by 

MPC-MPPT at time 0.6 s h) Zoomed in plot of PV voltage by INC-MPPT at time 0.6 s i) Zoomed in plot of PV current by INC-MPPT at time 0.6 s. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5

10

15

0.596 0.597 0.598 0.599 0.6 0.601 0.602 0.603 0.604 0.605
8

10

12

14

16

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5

10

15

0.1 0.2 0.3 0.4 0.5 0.6 0.7
45

50

55

60

65

70

0.596 0.598 0.6 0.602 0.604
45

50

55

60

0.596 0.597 0.598 0.599 0.6 0.601 0.602 0.603 0.604 0.60
8

10

12

14

16
0.596 0.598 0.6 0.602 0.604
45

50

55

60
0.1 0.2 0.3 0.4 0.5 0.6 0.7

45

50

55

60

65

70

0.1 0.2 0.3 0.4 0.5 0.6 0.7
900

1000

1100

1200

1300

Fig. 10: a) Grid side voltage and injected current b) Output voltage of the 7 
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