Power Electronics and Drives .
3(38), No. 1, 2018  DOI: 10.2478/pead-2018-0014 S sciendo

Powenr Electronics and Drives

Model Predictive Control of Four-Leg Three-Level
Flying Capacitor Converter: Influence of Model
Parameter Mismatch

Research Article

Kamil Antoniewicz', Krzysztof Rafal’, Marek Jasinski®

T Warsaw University of Technology, Institute of Heat Engineering, Nowowigjska 21/25,
Warsaw, Poland

2 Warsaw University of Technology, Institute of Control and Industrial Electronics,
Koszykowa 75, Warsaw Poland

Received June 06, 2018; Accepted July 20, 2018

Abstract: This paper presents a control method for a four-leg three-level flying capacitor converter (FCC) operating as a shunt active
power filter (SAPF), based on model predictive control with finite number of control states (FS-MPC). Current control
and capacitor voltage balancing are described. Influence of the mismatch of the inductive filter model parameters on the
current control precision is analysed. Results are supported by the experimental waveforms obtained with a 10kVA set-up.

Keywords: Multilevel converter « Current control = Model predictive control (MPC) * Shunt active power filter (SAPF)

1. Introduction

Non-linear loads connected to the power network are the source of many undesirable phenomena, e.g. additional
power losses in the network or negative influence on the grid voltage waveform shape (Strzelecki and Supronowicz,
2000). A common solution for issues caused by these loads is installation of filters that compensate the high-
frequency harmonics of currents. Some of the popular types that should be mentioned are shunt passive, active
and hybrid filters (Akagi, 1996).

Passive filters are designed for specified frequencies on the basis of resonant circuits consisting of inductors
and capacitors (LC). They create a low-impedance loop between the load and the filter for current harmonics.
Therefore, high-frequency harmonics are not transmitted to the power network.

Active filters are designed at the basis of power electronic converters, usually voltage source converters (VSCs).
With an appropriate control method, they are able to generate currents of specified shape, to compensate the
distortions introduced by the load and obtain a sinusoidal shape of grid currents. Moreover, their operation allows
the compensation of reactive power and current imbalance (Akagi, 2006).

In recent decades, many current control methods for VSCs have been developed. One of the most interesting
categories here is predictive control (PC) (Orlowska-Kowalska et al., 2014; Falkowski and Sikorski, 2018; Antoniewicz
and Rafal, 2017; Sobanski, 2017). It was presented about 50 years ago, designed for the chemical industry. The
dynamic development of microprocessors made application of that method possible for power electronics, where
a real-time operation is required (Grodzki et al., 2011). In general, predictive control is based on the model (MPC)
of the considered device, which allows calculation of values of selected variables, depending on possible states of
control signals.
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2. Four-leg three-level flying capacitor converter operating
as a shunt active filter

The three-phase four-leg flying capacitor converter (FCC) topology operating as a shunt active power filter (SAPF)
is presented in Fig. 1. The converter is connected to the grid via an inductive passive filter L, at the point of common
coupling (PCC), in parallel to the non-linear load.
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Fig. 1. Athree-level four-leg FCC

In the FCC, each leg contains an additional flying capacitor C, . and its voltage is equal to half of the C,
capacitor direct current (DC) voltage. There are four allowed combinations of switching states in the leg. Two
combinations cause that the output voltage of the leg relative to the negative busbar is 0 or V. The other two
states result in an output voltage of 2V, . Each of these two redundant states can have one of two opposite
effects on the C, . capacitor voltage — charging or discharging. A choice of one of them is made on the basis
of the output current direction and the voltage value on the respective capacitor in relation to the commanded
value (in the three-level system V=4V, ). In the described method, voltage regulation is performed outside
the main control loop; from the level of the prediction algorithm, only one of three output voltage levels is set
(Antoniewicz and Jasinski, 2016b). Another solution is to include voltage balancing for the predictive control loop
(Defay et al., 2008). Operation of the converter as an SAPF requires measurement of i, converter currents and
i, load currents (where x index refers to phases a, b, ¢ or neutral n wires). Distortions of the load currents i, are
compensated by the i filter current; thus, their level in the grid currents i, is minimised. The relation can be
formulated as follows:

ig (D) =—ig (D) +iy () (1)
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Assuming the symmetry of voltages v, .. at the PCC and the value of the neutral current of the grid i, = 0, the above
expression can be written as follows:

i () =— (i, () +ig(D+i, (1))
i (D=1, () (2-4)
ig,(0=0

Equations (1)—(4) describe the currents and operation of a four-leg SAPF mathematically. Therefore, it shapes the
output currents i of the converter to achieve three goals, namely, to compensate for higher harmonics, passive
component of load currents i, and their imbalance.

3. Finite states-set MPC

The regulation of higher harmonics of the current requires an algorithm ensuring very good dynamic behaviour.
Traditional methods based on linear proportional-integral regulators may be too slow here. In order to increase their
suitability for the regulation of higher harmonics, it is suggested to connect resonance modules in parallel. However,
this solution still has an unsatisfactory step response.

Another possible control method is the use of hysteresis controllers. Despite the excellent dynamics, these
are characterised by a variable switching frequency and the difficulties associated with filtering high-frequency
components of the converter current. Comparison of the hysteresis control method with FS-MPC is presented by
Antoniewicz and Jasinski (2016a). The following predictive control method allows elimination of disadvantages of
the above solutions, providing good dynamics and stabilisation of switching frequencies. It also provides the ability
to simultaneously control many variables by incorporating them into one common cost function (Rodriguez et al.,
2013). The block diagram of the FS-MPC is shown in Fig. 2.

The fundamental block of this method is an object model that allows calculation of the value of its variables in
the next steps of prediction. On the basis of the converter leg equation (with an appropriate voltage at the PCC), an
expression was developed in which v, .. (between the wires x and y) voltage was used (Antoniewicz and Jasinski,
2016b):

i pre (K +1) = L[Vdc (Sy_Sx) - (u pecy(k+ D)=y peey(k+ 1))}

Rng Lg (5)
L
i (=i k)]
RgTs+Lg
Assuming that R, =0, the equation can be simplified as follows:
e+ D =Ly 4 (5,004 D)= 5,6+ D) =~ (upecy ()= ) ©)

Lg
+|:iCy(k)_iCx(k):|
where T is the sampling period, & is the step index of the control algorithm; e and i . are the predicted and measured

current values of the converter; Lg and Rg are the inductance and resistance of the grid filter; and the indices y and
x refer to the converter’s legs (x # y).
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Fig. 2. Block diagram of predictive control

Operation of the converter as an SAPF requires the correct calculation of the reference current values of the
converter satisfying the conditions represented by Egs. (1)—(4). To calculate them, the instantaneous power theory
is used (Akagi, 2007). The voltages and currents are transformed to a stationary coordinate reference frame, from
which the instantaneous power values are calculated:

PL = Vpecalip T Vecepiia (7
91 = Vpcepira T Vrccalip ®)

The SAPF task is to eliminate the reactive power ¢, and the active power variable component p, —of the load. At
the same time, a U, control loop sets the value of the active power p, necessary to cover losses in the converter.
Finally, the converter reference power values are obtained as follows:

Pc T Prvar +pdc (9)

dc =4, (10)

The reference current values I CAN therefore be calculated from the following equations:

Icrefa a 1 Vpcco  ~Vpcecp Pc (11)

7 2 2
lerefp | Vpcca tVecca | VPccp  Vpcca dc

and transformed into a natural coordinate reference frame.
The reference values are then compared with the Lpre values predicted from the model (5) or (6) and used to
calculate the cost function J:

J(Sabcn(k+ 1)) = Wflzyza be abs(l.Cref,yn(k_{_ 1)_ l.pre,yn(k-i_ 1))

+w fzz

where w, is the weighting factor for the error of the phase currents and W, is the weighting factor for the error of the
line currents.

The predicted values are calculated based on the measurements of the SAPF currents, the voltage at the
PCC and the DC-link voltage for the finite set of future states of the switches S(k + 7). In addition, it is necessary

(12)
ab$ (icref ek +1D) =i pre, (K +1)

x,y=a,b,c,n
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to compensate for delays in the real system caused by the control platform, which is at least one sampling period.
This function can be performed based on Eq. (5) or (6) for prediction, as described for instance in Antoniewicz and
Jasinski (2016b).

The number of possible switching states for the proposed converter is 4* = 256. Assuming that two of the four
states in each leg are redundant, their total number is limited to 3¢ = 81. For these states, the cost function indicator
is calculated. Its minimum value determines the state of the switches, which is chosen in the next sampling period.
Implementation of the independent voltage control loop for FCs allows reduction of the number of states necessary
for analysis and significantly reduces the calculation time of the FS-MPC algorithm.

An important feature of the FS-MPC method is the dependence of its accuracy on matching the parameters of
the model to the actual system (Rodriguez et al., 2013). In the paper, the expression (5) was used in the control,
where the L, inductance of the grid filter, besides measuring errors, has the greatest influence on the accuracy of the
current prediction. In practice, the inductance of the grid choke may differ from the nominal one (typical tolerance of
the values is £20%) and may vary depending on the frequency and instantaneous value of the current. To examine
this phenomenon, an analysis of the influence of inductance mismatch on the algorithm’s work was made. As
an additional variable for analysis, the resistance of the grid filter was assumed, which was neglected to simplify
prediction equations.

It should also be noted that choosing the value of weight coefficients (wﬂ and wﬁ), which are responsible for the
influence of a given variable or error on the selection of switching state, has an impact on the SAPF operation. In
order to analyse these relations, tests were performed with varying values of the selected factor. The results are
presented in the further part of the paper.

4. Experimental results

The described control method has been implemented in the laboratory set-up. The basic parameters are summarised
in Table 1. The control unit used in the experiment is the dSPACE1006mp platform. During the tests, a non-linear,
asymmetrical load model was used, the scheme of which is shown in Fig. 3 (both loads were connected in parallel).
The results were recorded using the Tektronix DPO5104B and TDS5034B digital oscilloscopes and then analysed
with MatLab.

Table 1. Parameters of the laboratory set-up

Parameter Value
Converter rated power 10 kVA
Grid voltage 3 x 400V
DC-link voltage 700V
DC-link capacitor capacitance 1.5mF
Flying capacitor capacitance 250 uF
Grid filter inductance 1.5 mH
Sampling frequency 30 kHz
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Fig. 3. Non-linear load model

The operation of the SAPF controlled by the FS-MPC method is shown in Fig. 4. On the waveforms, the red
lines indicate the moment of switching on the phases A and C of the unbalanced load (first line) and the three-phase
diode bridge (the second line). An experimental verification was carried out to determine the effect of mismatch of
model parameters on the operation of the FS-MPC algorithm. Since the main purpose of the control is to maintain
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Fig. 4. The operation of the SAPF controlled by the FS-MPC in transient states (red lines) and steady state. From the top: grid voltages and currents,
i, load and i, compensating currents
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the sinusoidal grid current, the total harmonic distortion (THD) coefficient of the grid current THD(i ), calculated
to the 50" harmonic, has been selected as a quantitative indicator. As parameters, inductance and resistance of
the grid filter introduced into the model were assumed. The results are illustrated in Fig. 5, independently for each
phase. It can be noticed that underestimating the inductance of the filter by >30% causes a drastic increase in the
THD(i,). On the other hand, overestimation of this parameter even by >50% does not cause significant distortion.
It can be noticed that the introduction of the resistance parameter into the model does not significantly affect the
algorithm’s operation. Omitting the filter resistance in Eq. (6) to simplify the calculations is therefore fully justified.
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Fig. 5. Effect of changes in resistance (Z-axis) and inductance (X-axis) in the prediction algorithm on the THD of the i, grid currents in the following
phases: (a) A; (b) B; (c) C

In the next series of experiments, the influence of the weight coefficients proposed for calculating the cost
function was examined. Coefficient w, is the weight of the phase current error and the coefficient w, is the line
current. By default, both coefficients assume a value of one. The results are summarised in Fig. 6. In the case of
increase in the coefficient W there is a tendency for a slow increase in the THD(i) coefficient of currents in all
phases of the grid. This means a negative effect of the increase in the value of the weight coefficient of the phase
current error in relation to the weight coefficient of the line currents. In addition, for the value of 0.1, it was possible
to adjust the current in the neutral wire and ensure stable operation of the entire system.

In the case of a change in the coefficient W taking too low a value leads to an increase in the THD(i ) coefficient
in all phases. The operation of the algorithm improves when the coefficient in w is increased, to stabilise after

"
reaching the value of one. Further increase in its value has no significant effect on the algorithm’s work.

5. Summary

The paper discusses the use of MPC with finite number of control states (FS-MPC) for a four-leg three-level FCC
operating as an SAPF. Experimental results showing the effect of the mismatch of model parameters and cost
function weighting factors on the algorithm’s efficiency were presented, measured by the THD of the grid current.

Based on the presented implementation of the control algorithm and the experimental results, the following
conclusions can be drawn:

» The model based on the description of line voltages and current quantities allows simplification of the model and
limiting the amount of calculations;
» The FS-MPC algorithm ensures the high dynamics necessary to control the current of the SAPF;
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Fig. 6. The effect of change in the weight coefficients on the THD coefficient of the grid currents with regard to (a) w, (phase currents), (b) w,
(line currents) and (c) wf,, (FC voltage errors)

» Selection of a lower inductance value in the model than the actual one causes a drastic increase in the THD of
the grid current. Overestimation of inductance does not significantly affect operation of the control algorithm;

» The filter resistance variations in the model do not significantly affect effectiveness of the control. The resistance
can thus be omitted to simplify calculations;

* In the proposed cost function, the weighting factor w, assigned to the phase currents must be >0, because,
unlike W it also refers to the current in the neutral wire. However, further increase of w, does not lead to a
significant improvement of the system operation;

* Asignificant influence on the grid current THD(i ) value is caused by W, responsible for the line currents; W, w,
results in an improvement in THD factors.

The proposed control method can be optimised for implementation on an industrial microcontroller. It can be
concluded that it is an attractive solution for SAPF used in the industry.
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