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Control of a Three—Phase Voltage Source Inverter using
Model Predictive Control of Laguerre Functions
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Abstract

This paper presents a method of controlling a three—phase VSI (Voltage Source Inverter) using
MPC (Model Predictive Control) designed using Laguerre functions. It also provides a model of the
three—phase VSI and its resistive-inductive load and then an overview of MPC design using Laguerre

functions. The biggest challenge in using MPC is the high number of computations involved, which
makes online implementation difficult. On the other hand, the LMPC (Laguerre Model Predictive
Control) reduces the number of computations made and so online implementation becomes possible
where traditional MPC would be unteneble. The simulation results from MATLAB are also provided.
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1. Introduction

The control of three—phase inverters has been
mostly performed by using PWM (Pulse Width
Modulation) methods. Recently, however, more
advanced control techniques including MPC have
been used. The fact that a three—phase VSI is a
system that is nonlinear, has a finite set of outputs
and is MIMO (Multi-Input Multi-Output) makes
MPC a control technique of natural choice. However,
MPC involves many computations during its
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optimization and prediction stages, which may make
online implementation difficult. This is a big
challenge in using LMPC to control an inverter and
many such “fast” systems [1-3].

Many articles have been written on the subject
of controlling the load current of a three—phase
VSI using MPC. Amongst them two prominent
ones spring to mind: the studies by Hameed et al
and Khalif et al use a special type of MPC called
FS-MPC (Finite Set MPC) to control the load
current. In both papers, the output voltage vector
1S shown to contain set seven output voltages,
each voltage corresponding to a switching state
[Sa, Sh, Scl = [0, 0, 0] to [1, 1, 1] and noting that
states [0, 0, 0] and [1, 1, 1] give the same output.
Thus, at each sampling instant, seven output
voltages are calculated and compared to the
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reference voltage. The output voltage closest to
the reference voltage is chosen to be the predicted
voltage and is used in the following sampling
instant. This method provides rapid computations
due to the known fixed number of output voltages
at each instant [1-3]. Calculations have to be
made in all elements at each instant, which
increase the computation burden. It turns out that
a trade—off between rapid computation and high
accuracy in reference tracking is necessary. This
balance may not be easy to achieve. The method
presented in this paper does not consider the fact
that there is a finite set of output voltages. Rather,
it considers the three-phase VSI just like any
other ordinary dynamic system with unfixed
output set [1,7].

This study uses a special type of MPC designed
using Laguerre functions to control the load current.
This type of LMPC was shown in [PAPER] to
reduce the computation burden, but this study will
show that it actually tracks the reference signal
very well [1-4].

2. Three—Phase Inverter Model

In the figure below

Fig 1. Inverter connected to grid

the switching signals at points a, b, and ¢ are:
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S 1 S, =ON §, =OFF
a 0 S, =OFF §, =ON

| S, =ON S5 =OFF
Sy = {o S, =OFF S5 =ON
| §3 =ON S, =OFF
Se = {o Sy =OFF §, =ON

Each voltages are points a, b and ¢ are given
Va :Sa Vdc, Vb :Sb Vdc al’ld Vc :Sc Vdc,

respectively.
2.1 Load Model

For each phase, the differential equation of the
load current is given by (1)

di(ty .
L7 +Rl(t) = Vdc(t)
Or

diy _ R, 1
d L O+7V a0 1)
The equation (1) can be re-written in a stationary

Iy Veaand Vpare

a-B frame and where la »'p >
obtained using the Clarke transformation [65-7]. (X

stands for current or voltage)

-1 -1
{Xﬂ_zlzzf(“
Xg| 3, BB B2

AL0 5 Tl xe 2)

2.2 Discretization

One of the many tenets deployed in the control of
complex systems like the three-phase VSI using
MPC is to use models that reduce the computation
burden that is necessary when it comes to online
mmplementation. It is also agreed upon that a linear
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model performs better in this respect than the
nonlinear models they represent. For this reason and
the fact that digital devices are typically used in
mmplementation, this study uses linear discrete
models and the Euler equation [5-71.

3. LMPC

A model predictive control designed using
Laguerre functions is developed and summarized in
[7]. The author presented this design technique for
both single-variable and multi-variable systems.

Fortunately, the derivations for the single-variable
case and the multi-variable case are very similar
and knowing one would give enough insight into the
derivation of the other. For brevity only the
single—variable case is presented and it is hoped that
this is enough to set forth the LMPC design
technique [5-7].

iref

_—

Minimization § _|G
i ikt i Load
1 LMPC k )' Cost function 0d

i}

2 Level
‘ Vsl
i(k) measurements

Fig 2. LMPC block diagram

Consider a plant with m inputs, u outputs and k
states as described by equation (3) below [5-7]

XK+ D= A X )+ B ptk)

y(k)=C ,xk) (3)

Where «(%) is the input variable, ¥(¥)is the process

output and X»®is the state vector. The plant
described by equation (3) can be expressed in
augmented state space form as [6-7]

(424

x(k+1)= 4, (k) + BAu(k)

(k) = C 0) @)

| Am o Om B{ B J
Where CmAm Iqxt]‘ CmBm ’ C:[Om If{x‘i]

and the state *®=[Ax,, y(k)]T
3.1 LMPC Design Framework

The model predictive control designed using
Laguerre functions is designed by the overall flow
below and this paper was also written based on this
flow chart.

Measurement current
from inverter, [, I, I,
v
Calculate error of [
(ref I —mes I
¥

Calculate cost function
using Laguerre func.

v

Cost function

Using the existing
T

Minimization a—J =0 weights

n

¥
Inverter State Predict Is reduce error
w,x,y within 1
¥
Calculate S/W signal = :
5..5,.5. Weight matrix update
7 ex

Fig 3. LMPC flow chart
At sampling instant ki, the state variable *? is

available through the measurement. The future
control trajectory is given by [5-7]
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AU:[Au(ki),Au(kl.+1),...,Au(ki+Nc—1)] ©)

where Ncis the control horizon.
The sequence representing future state variables
1s

e 11l o+ 20 ool g+ mlle e ¥ N ke

and ;i mlk) represents the predicted state variable

at instant k:*” given the current information ¥(k;)
N} is called the prediction horizon. Typically this is
Ne=Np because it is difficult to control what has not
been predicted. All the output variables can be

grouped together in one output vector as follows
[5-7]

T
Y=|:y(kl. +l‘kl.),y(ki n Z‘ki)""'y(ki n Np‘ki)jl ©)

In designing an MPC using Laguerre functions the
control trajectory avis expressed using a set of
orthonormal functions called Laguerre functions.
Since the state and output vectors can also be
described in terms of Av, it follows that they too
can be expressed using Laguerre functions. At
sampling instant ki, the control trajectory is
described using Laguerre functions as in equation

(0 [71.
>

Au(ki +k)= (kl)l (kl)
jlej / (7)

where k = 0, 1, 2, --*Neand /%7 is the inverse
z-transform of the jth term in the discrete Laguerre
network. Equation (7) can be rewritten as [6-7]

Au(e;+ k) =Lk 7 ®)
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and the coefficients crcz2-cn are obtained from
system data. At an arbitrary future instant m, the
state is described using Laguerre functions as [65-7]

m—1 .
x(f;+ m‘ki) = A" )+ Y A By
=0 ©)

Similarly, the output is described as

m—1 .
Wi+ mlfe )= CA™x(f )+ Y cA" L
Fark (10)

3.2 Cost Function

The cost function is used to choose the optimal
control (voltage) trajectory av to bring the predicted
output (load current) as close as possible to the
set-point [5-7]. The cost function

Np
J= 3w+ mfe )" O+ mlk )T R (
m=1 11)

minimizes the error between the set—point signal
and the output in the shortest possible time by
carefully tuning the weighting matrices 220and
R L> 0 .

Cost function minimization is the state variable
equation (9) and can be rewritten as [5-7];

m—1 .
OIS Ly 70l
i=0 (12)

By substituting equation (12) into (11) and

performing the partial derivative$//97=0  the
Laguerre coefficients vector is found to be [5-7]
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Np
Q= Ty
’Elqb(m)gvﬁ(m) R and Y -dmod™  (13)

In RHC (Receding Horizon Control) only the first
term in av, that is 2Y% | is implemented at instant
ki, The rest of the sequence is ignored. The state
vector of the most recent measured value of the
control signal is calculated. This procedure is

repeated in real-time to give the receding horizon
control law [5-7].

4. Simulation Results

The simulation parameters are the most
commonly used by solar power plant and it was this
design that was produced. A S00kW inverter is
currently the most commonly used, and a 185mif
cable was based on the 300m. The parameters used
for simulation are shown in the following table.

Table 1. Parameter

Parameter Value
Load resistance, R 0.06 R
Load inductance, L 0.76mH

DC link voltage, Vac 750V
Reference current 780A
Sampling time, I's 5 msec

The simulation results show the following
features. Figs 4, 6 and & depict a situation in which
no constraints and disturbances have been applied
whereas Figs 5, 7 and 9 depict a situation where
both constraints and disturbances have been applied.

From Fig. 4 it is observed that the controller is
able to track the reference signal well. During the
first 0.002seconds an overshoot in the predicted

current /s was observed due to the fact that the
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starting point for the controller is 0Amps while that
of the reference signal is 780Amps. In trying to
quickly move to 780Amps the controller produces
large changes in the control signal (voltage) as
seen in Fig. 6. However, after this initial period
(0.002sec) the controller tracks the reference signals
with an error of less than 10 percent as can be seen
in Fig. 8.

)

Current (A

0 0.5

Current (A)

Time(s) 10-2

Fig 5. Load current with disturbance
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Fig 6. Control voltage without constraints
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Fig 7. Constrained control voltage
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Fig 8. Error in load current without disturbance
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Fig 9. Error in load current with disturbance

This error can be reduced further by using a
smaller sampling period or a higher order discrete
model. In the second simulation, the control signal is
constrained to within 780volts as presented in Fig.
7. In the same simulation disturbances have been
applied at 0.001sec and 0.002sec as shown in Fig. b.
It is observed that the controller rejects those
disturbances and tracks the reference signals as
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required. In addition, Figs 5, 7 and 9 depict a
situation in which both constraints and disturbances
have been applied, but immediately controlled.

5. Conclusion

This paper has presented a solution to control a
three-—phase inverter using a model predictive
controller designed with Laguerre functions
(LMPC). A quadratic cost function similar to that
used in LOR (Linear Quadratic Regulator) has been
used. The results from the simulations indicate that
the controller performs very well and is feasible as
well. With this perceived feasibility LMPC offers the
added advantage that it can handle systems where
rapid sampling and more complicated process
dynamics are required. LMPC also reduces the
number of parameters required for accurate
prediction when using the traditional MPC approach.
LMPC approximates the desired trajectory using a
set of Laguerre functions over a long control horizon
instead of making exact calculations for each time
step. This 1s a large advantage in that with the
reduced
implementation might be possible where the
traditional MPC would have failed. Further research
on the power grid is needed.

number of  parameters, on-line
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