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Abstract—Over the past years a great amount of research
has been done to interconnect different energy sources with the
power grid or different types of loads. Current source inverters
have proved to be a good option due to its high reliability,
fault tolerant capabilities, quasi soft switching and the use of
lower capacitor values among others. Most of the current source
inverters topologies have a current source as input, which could
be implemented with a buck converter, and they are controlled
with cascaded linear control (usually PI controller), rotating
frame coordinate transformation and a modulation stage. In this
paper a predictive control strategy of a current source inverter
together with its associated current source is presented. This
strategy allows to track not only the output voltages at the load
but also the current source within a single controller. The control
algorithm makes use of a discrete time model of the whole
system so as to predict its future behaviour for each one of
the available switching combinations. Each one of the predicted
values are used to minimize a set of predefined control goals
within a multiple term cost function that includes cost associated
with the commutation frequency and the reference tracking.
Simulation results show a good behaviour and fast dynamics
with a low switching frequency of all the switches involved. These
characteristics make the proposed controller a suitable option to
use with high power inverters.

I. INTRODUCTION

The need for efficient ways to interconnect energy sources
with either the power grid or different types of loads has
increased the amount of research carried out in power
electronics converters. Current source inverters (CSI) and
multilevel current source inverters (MCSI) have been proved
to be a good option due to their low harmonic distortion,
efficiency and fault tolerance when used in motor applications
[1], [2] and to drive energy sources such as wind farms,
fuel cells and photovoltaic [3]-[5]. The CSI is traditionally
controlled with classic cascaded linear control loops (usually
PI controllers), rotating frame coordinate transformations and
a modulation stage [6]-[8]. A new kind of controllers based
on finite control set model predictive control (FCS - MPC) has
been found in the literature [9]. FCS-MPC has been introduced
for matrix converters [10], [11], active front ends [12], [13],
for single and multilevel inverters [14]-[17] and to improve
the dynamic performance of a converter [18], among other
applications. This kind of controllers are inherently suitable for
limited number of switching states of power converters [19].
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A discrete time model of the CSI is used to predict the future
values of the state variables for each one of the switching state.
These predicted values are used to evaluate a cost function in
order to achieve a good reference tracking, to operate at a low
switching frequency and reduce the total harmonic distortion.
The control strategy is performed by generating the switching
state that minimizes the cost function and better meets the
control goals. The prediction horizon could be increased in
order to achieve a better performance, taking into account that
this is limited by the model accuracy and the computational
power of the implementation. The CSI topology is fed by a
current source that could be implemented by a buck converter
driven by a renewable energy sources such as fuel cells, solar
panels or wind generators [8]. These kind of sources could
suffer non continuous changes in the voltage output therefore
the buck converter has to be controlled to deliver the right
amount of energy to the CSI.

In this paper the predictive control of the CSI is presented
with the switch state of the buck converter as part of
the predictive control strategy. A complete model of both
converters is used to control not only the output voltage of the
CSI but also its input current, reducing the switching frequency
and therefore the harmonic distortion of the overall system.

II. OVERALL SYSTEM MODEL

A. Topology

Fig. 1 shows the entire system. It is composed of a voltage
source, a current buck converter and a typical CSI converter.
The CSI has six reverse blocking switches that could be
implemented with either insulated gate bipolar transistors
(IGBT) each one with a series diode to block the reverse
current or integrated gate commutated thyristors (IGCT) [20].
A three phase capacitor is placed at the output to filter
the harmonic distortion produced by the commutation of the
switches and to improve both current and voltage waveforms
of the load. Filter capacitors in Fig. 1 are placed in star
configuration as in the mathematical model. They could also be
connected in delta configuration where the capacitance value
gets reduced to one third and the voltage rating is increased
by a factor of v/3. The input current of the CSI is delivered
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Fig. 1. Topology
by the buck converter which is connected to a voltage source.

B. Mathematical Model of the System

The predictive control strategy requires a mathematical
model of the entire plant to calculate a prediction of the values
of interest for each switch state of the CSI and the buck
converter. At any given time, the CSI must grant a current path
so one upper switch and one lower switch must be conducting.
Furthermore, only one of the upper and lower devices can
be conducting in order to ensure the current injected by the
inverter is well known and the output current waveform is
defined. These restrictions can be stated as follows

S1+8Sy+853=8,+S55+S5c=1 (1)

Therefore, the first step is to define how many switching states
the system has. This CSI topology has nine possible states as
presented in Table I. ¢, 7, and i, are the output currents of
the inverter, and v.s; is the voltage difference at the input
terminals of the inverter v; and v_. Taking into account that
the proposed topology has one extra switch due to the buck
converter, the system doubles the number of states to analyze.
The voltage v.s; can be determined by the switching states
and the voltage at the output capacitors v,, vp and v.. Its
expression is

Vesi = (S1 — Sa)va + (S2 — Ss5)vp + (S5 — Se)ve  (2)

Equation (3) shows the relationship between the output current
of the buck converter i4., the state of its switch S7 and the

TABLE I
OUTPUT CURRENT AND VOLTAGE AT THE INPUT OF THE CSI AT EACH
STATE
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input voltage of the CSI v.4;, where 2 Ly, is the inductance
of the buck converter and vg. is the input voltage source.
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Then, the current injected by the inverter can be defined
according to the switching signals and the output current of
the buck converter.

iinva = (Sl - S4) idc (43)
Z'invb = (52 - 85) Z'clc (4b)
iinvC = (S3 - SG) idc (4’0)

Finally, the dynamic model of the load and filter capacitors
are taken into account within the model,

d iinvw - Z.L

at’t T TG

d v — Ry, withx : {a,b,c} (5)
= e

dt Ly,

where C' is the filter capacitance, Ly, is the load inductance
and Ry, is the load resistance.

III. MODEL PREDICTIVE CONTROL STRATEGY

The proposed predictive strategy found in the literature [21]
uses the discrete model of the system to make a prediction of
the following state variables for each one of the switching
states, shown in Table I, and the switching state of the buck
converter. The controller uses the available switching states to
obtain the best control action that meets some control goals
predefined within the cost function. Detailed descriptions of
the prediction model and the cost function optimization are
presented in the following subsections.

A. Prediction Model

The core of the controller is the prediction model and taking
into consideration that the algorithm is implemented on digital
platforms, a discrete time approximation of the system model
needs to be calculated. The Euler forward approximation for
the derivative is used in this paper because the sampling period
is smaller than the dynamics of the system. After discretization
the model equations can be packed together to obtain the
discrete space state representation.
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The state variables of the CSI are the filter capacitor voltages
Vqar»> Uby» Ue,, the currents of the load i,,, iy, and i., . The
input of the model are the state of the switches. Since the
capacitor voltages depend on the output current of the buck



converter, a new set of equations are presented to describe the
behaviour of the buck converter.

Vesiy, = (Slk_S4k)vak+(52k_55k)vbk+(53k_S6k)vck 8)

idck+1 = idck +

TS Vesiy,
fdc [_1 Vdc] |:S7k- ] (9)
As shown in (6) the output voltages of the CSI change one
sample time after a change on its switches (S1_¢) is applied.
From (9), it can be seen that the current of the buck converter
changes one sample time after its switch (S7) commutates.
At instant k£ a new set of measurements are taken and the
proposed algorithm uses the model to predict the output
voltage in the filter capacitors and output current of the buck
at k£ + 2 applying (6) and (9) two times. In order to take into
account the calculation delay, it is considered that the chosen
switching state is applied at k& 4+ 1. As there are 9 states for
the CSI and 2 states for the buck converter, the controller
takes into consideration a total of 18 possible states in each
prediction sample to minimize the cost function.

B. Cost Function Optimization

After all the prediction values at the instant k& + 2 are
obtained, they are used to evaluate a cost function that deals
with different control goals. The primary term of the cost
function, related to the CSI switching states, is defined by
the sum of the squared tracking errors:

2

C'Uref = (Uak+2 - 'U:;k+2)2 + (Ublc+2 - UZ)C+2)

+ (Uck+2 - U:k+2)2

(10)

Regarding the buck converter the reference is a constant
predefined current and the cost function term is stated as:

(1)

The future capacitor voltage reference is defined at instant k41
can be estimated using fourth order Lagrange extrapolation
given by

(s , 2
Cige = (Zd0k+2 - chref)

Vg1 = 4vp —6vL_ +4vp 5 —vp_3 (12)

Thus it can be extrapolated to predict the reference at the next
sample period by

Vs = 100] — 200} _y + 150} _, —dvj_5  (13)

According to the literature this estimation can be used for a
wide range of frequencies of v* [22]. If the sampling time
is sufficiently small no extrapolation is required since the
reference signal is a sine wave at line frequency. The predictive
strategy allows the addition of other constraints within the
cost function [19]. In this kind of systems it is desired to
reduce the switching frequency, reducing power losses in the
switches during their commutation and hence increasing the
overall efficiency. In order to add this constraint a new term is
added to the cost function. This term penalizes the switching
state transitions that produce the largest number of changes in
the switches from one sampling period to the next.

The following equation is used to calculate the number of
commutations in the CSI that occurs at every sampling instant.

6
Ncomm :Z‘Sik+1 _Slk‘ (14)
=1

The penalization terms for both the switches of the CSI and
the buck converter are given by

Ccomm = )\csiNcomm + Abuck ‘S7k+1 - S7k’ (15)

In order to normalize all the cost function terms each of them
are weighted by a factor defined by

1 1
= A= 16
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€vrey and e;, are the error limits of the output voltage
and buck current, respectively. Finally, the sum of the terms
weighted by their factors leads to the global cost function that
is

Cglobal = )\vmf cvref + )\idccidc + )\csiNcomm
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After all the calculations were performed, the switching state
that minimize the global cost function (17), is chosen and
applied at the instant k + 1.

IV. SIMULATION RESULTS

The proposed control method is validated through a
simulation carried out using MATLAB/Simulink with a model
of a CSI with the parameters indicated in Table II. The
prediction is done with a sampling time equal to T's. The
weighting factors are chosen after several simulations to obtain
optimal results.

In the following subsections the system behaviour is tested
under nominal conditions and a step down change of the
external output voltage reference and the external input current
reference. Although is not shown in this paper, similar results
are found when a step up test is performed in both references.

TABLE II
SYSTEM PARAMETERS
Symbol Definition Value
Ve Voltage source 5kV
Rioad Load resistor 15Q
Livad Load inductor 6mH
L. DC inductor 120mH
Cy Filter capacitors (A) 22.2uF
Ts Sampling time 2008
11 Reference frequency 50Hz
ide,., 5 Reference current 200A
Vref Reference voltage 2.9kV
Eyref Acceptable voltage error 0.01v,ef
€ige Acceptable current error 0.014%4e,., ;
Aesi Weighting factor for CSI 1
Abuck Weighting factor for Buck 4
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Fig. 2. Simulation results under nominal conditions; a) capacitor voltage measurements and references [kV], b) line-to-line output voltage v, [kV], ¢) output
current iq [A], d) inverter output current of phase a i;5,,, [Al, €) inductor current 7g. [A]
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Fig. 3. Spectrum of waveform versus harmonic order; a) line-to-line output
voltage vqp, [V], b) output current i, [A], ¢) inverter output current %y,

A. Nominal conditions

The simulated waveforms of the inverter under nominal
conditions are shown in Fig. 2. An acceptable tracking of the
output voltage to its reference is shown in Fig. 2a. This is
achieved with a low switching frequency as depicted in Fig.
2d. Line to line voltage v, is presented in Fig. 2b. The output
current 4,, Fig. 2c, shows an almost sinusoidal waveform. In
Fig. 2e, the output current of the buck converter is shown and it
can be seen that it tracks the reference with a ripple as low as &
4A. Under these conditions an average switching frequency of
about 600Hz is obtained for the CSI while the buck converter
switch S7 presents an average switching frequency of 350Hz.
As shown in Fig. 3, the %5, THD is 62%, while the distortion

of i, is reduced to almost 4% due to the filter capacitor and
the line to line voltage is less than 7%.

B. Output Voltage Step

A step of the reference voltages from 2.9kV to 1.7kV is
applied at time 0.16s and results are shown in Fig. 4. The
controller tracks almost immediately the reference change
while the 74. current remains around its reference. In this case,
the THD of v, and 7, increases to 10% and 5% respectively
with an increment in the average switching frequency of the
inverter up to 800Hz. The average switching frequency of
the buck converter also increases to 600Hz. The ripple of
i4c remains practically constant as shown in Fig. 4e. The
switching frequency increases because the switches of the CSI
jump to the zero state more frequently in order to achieve a
lower output current caused by the change in the reference
voltages. As expected, the controller behaves robustly tracking
the references.

C. Current Input Step

While keeping the output voltage reference at 1.7kV, a
reduction of 49% is applied to the current reference of the buck
converter. The results can be seen on Fig. 5. The current 74,
settles in less than 12ms. After the current settles, the output
voltage waveforms v, . present the same shape as in Sub.
IV-A with the same voltage THD, current THD and average
switching frequency of the inverter. The only observed change
is the average switching frequency of the buck converter that
increases up to 800Hz in this case. This results also shows the
robustness of the proposed controller.
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Fig. 4. Simulation results for predictive control of the system with a step change in voltage references; a) capacitor voltage measurements and references
[kV], b) line-to-line output voltage v, [kV], ¢) output current i, [A], d) inverter output current of phase a %;,,, [Al], €) inductor current ¢4, [A]
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Fig. 5. Simulation results under a step change in current reference; a) capacitor voltage measurements and references [kV], b) line-to-line output voltage vy
[kV], ¢) output current i, [A], d) inverter output current of phase a i;n,, [A], ) inductor current i4. [A]

V. CONCLUSION next sampling period. The inclusion of the switching state
of the buck converter within the controller allows the use
of a non constant power source because it also controls the
current fed to the CSI. Using a simple but effective cost
function, the algorithm shows a good reference tracking and

a reduction of 40% on the switching frequency of the inverter

The predictive capacitor voltage control strategy of a current
source inverter and its current source, which is implemented
using a buck converter, has been presented. The discrete time
model of the plant has been described and used to predict
the best suited switching state that must be applied at the



in comparison with the SPWM modulation under the same
load and input conditions. In addition, it also provides a low
switching frequency of the buck converter. Thus, reducing the
switching losses and increasing the efficiency of the whole
system. The proposed controller shows a robust behaviour
under abrupt changes on both of its references.
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