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Abstract

In this work we propose a control strategy based on Model Predictive Control (MPC) with variable commutation
instants at constant frequency. Two stages are used by association of a reduced cost function and a state machine
which selects the optimum state. The strategy is applied to flying capacitor converters connected in parallel, which
requires the development of strategies capable to control the external and internal variables of the converter.

Introduction

The introduction of new power converter topologies, able to drive high powers with medium power semiconductor
technologies has allowed the fast development of multilevel converters. Nowadays, many different topologies of
multilevel converters are possible [1]: Neutral-Point-Clamped (NPC) [2], Flying Capacitor (FC) [3], Cascade H-
Bridge converter (CHB) among others. These topologies give a better quality at the output voltage and allow using
classical semiconductors and higher dc bus voltages.

On the other hand, the parallel connection of classical topologies, such as regular DC choppers [4] and inver-
ters [5], allows increasing the output currents with the same semiconductor technology. Interleaving techniques
can be used in the parallel connection [6] in order to decrease the output current ripple with a fast dynamic res-
ponse. A magnetic coupling between the output inductors can be carried out in order to decrease the ripple in each
output current [7].

In terms of control strategies, the methods used with classical power cells have been extended and used with mul-
tilevel converters, as shown in [8]. Most of these strategies are based on classical PWM and use the degrees of
freedom generated by additional electronics devices. The most common strategies, presented in [9], include open
loop PWM: Sinusoidal PWM (SPWM), Space Vector Modulation (SVM) and Sigma Delta Modulation (SDM).
Closed loop PWM using hysteresis or linear control have also been used.

These strategies must ensure a good behavior of the controlled variables and manage all the constraints for each
topology. These constraints can be the capacitor voltages in a FC converter or the differential current between
two power cells connected in parallel. For more complex topologies, such as multilevel converters connected in
parallel, the control strategy may become difficult given the greater number of variables to control.

Predictive control uses the mathematical model and an optimization criterion for selecting the optimal state of
the converter. A classification of the different predictive control methods is presented in [10].The deadbeat con-
trol [11] [12] [13] and MPC with finite control set [10] use a modulator in order to generate the required voltage
at fixed switching frequency. Hysteresis based [10], trajectory based [14] and Model Predictive Control with finite
control set (FS-MPC) [10] , use algorithms without modulators and generate directly the switching signals for the
converter at variable switching frequency.

The proposed strategy is based on Model Predictive Control (MPC), it uses the converter mathematical model for
predicting the future behavior of the controlled variables, for this case the output corrent iy, as well as an appro-
priate criteria such as cost function to select the optimal state. A state machine is used to simplify the selection
process of a cost function and also to ensure the respect of all the constraints of the topology.

The power converter topology studied in this paper, used to evaluate the proposed control strategy, is the parallel
connection of two 3-level FC (Fig.1). This topology allows increasing the output current, the input voltage and
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Figure 1: Two FC converters connected in parallel.

the output voltage quality while standard semiconductors are used. The constraints of this topology are related to
the capacitor voltages and the differential current. Nevertheless, the control strategy can be easily adapted to other
multilevel topologies with a higher number of variables.

Two three-level Flying Capacitors (FC) connected in parallel

Topology

The parallel connection in the studied topology (Fig.1) uses an InterCell Transformer (ICT) but separate inductors
can also be used. Each FC contains four switches, the pair of switches S, and S,,, must be always in complementary
states. Thus, there are two commutation cells connected in series in each FC: §y ,; and S» ;5 for the first FC and
83,23 and Sy 4 for the second one. The serial connection is assured by flying capacitors Cj .

The ICT is represented by a classical transformer model, with Ly and L,, representing the leakage and the magnetic
inductance. Ry and R; represent the series resistance of each output leg.

Mathematical Model

3-levels FC converter

The series connection of n commutation cells in a FC converter is made via (n — 1) flying capacitors. The output
voltage V,,, contains (n+ 1) voltages levels, improving the harmonic spectrum of the output voltage but requiring
the voltage balance of each flying capacitor [3] around:

i % V;
Voi= =™ with  i=1,....n—1 (1)
n

The output voltage Vi and V, depend on the input voltage V;,, and the switch states Sy, S», S3 and S4 (equation 2).
Table I shows the possible switch states for the first FC with the output voltage V| and the evolution of the capacitor
voltage V1 for an output current i; greater than zero.

(Sl +SZ) * Vin

Vour = )

with Sip=11if Switch ON and S|, =0 if Switch OFF 2)

Table I: States of a 3-levels FC converter

State | S; | 2 Vons dVe /dt
1 [o[O0] o0 0
2 0|1 |Vy/2] >0
3 L]0 |Vw/2| <0
4 11| v 0
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Parallel connection

The parallel connection of power converters, as previously described, allows an increase of the output current. Ne-
vertheless, a good distribution of this current among the output legs is necessary to assure a good performance
of the converter. In [6], it is evidenced that instead of working with phase currents, it is advisable to use a com-
mon/differential equivalent circuits. The common mode circuit, representing the equal currents flowing through
inductors Ly and the load, is represented in Fig.2.a. The equation 3 describes the equivalent common model circuit
(Fig.2.b). This circuit contains an equivalent source V,,,. = (V] + V»)/2 that clarifies the multilevel proprieties of
power converters connected in parallel. Two commutation cells having (n = 2) output voltage levels, produce a
common mode voltage with (2n — 1 = 3) levels. The equivalent circuit (Fig.2.b) does not take into account the
magnetic coupling of the output inductors.

d .
Vine = Vour = mealmc + Rincime 3

. . . L .
Where: Ve = (Vl +V2)/2 s ime =11+ 125 Line = 7f 3 Rine = % = % if Ry =R,

The differential mode circuit is presented in Fig.2.c, its equivalent circuit is shown in Fig.2.d and described in
equation 4. It represents the current flowing through the inductors Ly that it is not flowing through the load. The
equivalent source V,,; = (V; —V2)/2 contains also (2n — 1) levels. Differential phenomena can entail losses and
nonlinearities in the magnetic core, so it is desirable to minimize or cancelate this current.

d .
Vind = Lima E imd + Rindimd @

Where: Vyy = 152 3 ipg =iy —i2 3 Lyg =Ly ; Rya =Ri =R>

Studied topology

The parallel connection of two 3-levels FC (n = 3), contains 4 commutation cells (S1,,1,52,2,53,13,54,,4) and
thus, 2* = 16 states. The V,,. voltage produces (2n — 1 = 5) levels : [0,E/4,E/2,3E /4,E] while the V,,4 voltage
produces the voltage levels: [—-E/2,—E /4,0,E/4,E /2]. Table II shows all the states of this topology, the V., Vina
and the variations of each capacitor voltage V1 and V¢ for iy » greater than zero.

Vi
—a I .
_T_ i 1 Une  Vou Vour
= : ' —> —
; : 1 L
\%) b 1 = -
— ' |
_L . — : ]
- Ime SN J
2
(@)
imc Lipe Rine
—
+
Vie ) Vou
L L - -
(b) (d)

Figure 2: (a) Common mode circuit (b) Equivalent common mode circuit (c) Differential mode circuit (d) Equivalent differential
mode circuit

Predictive Control

MPC has been widely employed in research and industrial control systems given its intuitive concept and the ability
to account for nonlinearities or multivariable cases. Its uses the mathematical model and an optimization criterion
for selecting the optimal state of the converter and it has already been applied for controlling multilevel converters,
such as NPC [15] and FC [16]. Figure 3(a) shows the scheme for controlling a power converter with n switches.

The variables to be controlled (Vci,c2 ime and iyy) are measured at each sampling instant k. The forward Euler
approximation can be used to get the discrete system model and thus, to predict the behavior of the variables for
all the states at the k + 1 instants. This information is used by the controller for obtaining the optimal actuation
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Table II: States of two 3-levels FC converters connected in parallel

State | S1 | S2 | S3 | S4 Ve [/ dVer/dt | dVea/dt
1 0|0 | 0] O 0 0 0 0
2 1 00| 0| E/M E/4 <0 0
3 0 1 00| E/4 E/4 >0 0
4 1 1 00| E)2 E/2 0 0
5 010 1 0| E/4 | —E/4 0 <0
6 1 0 1 0| E/2 0 <0 <0
7 0 1 1 0 E/2 0 >0 <0
8 1 1 1 0 | 3E/4 | E/4 0 <0
9 01070 1 E/4 | —E/4 0 >0
10 1 0|0 1 E/2 0 <0 >0
11 0 1 0 1 E/2 0 >0 >0
12 1 1 0 1 | 3E/4 | E/4 0 >0
13 0|0 1 1 E/2 | —E/2 0 0
14 1 0 1 1 | 3E/4 | —E/4 <0 0
15 0 1 1 1 | 3E/4 | —E/4 >0 0
16 1 1 1 1 E 0 0 0

according to a predefined optimization criterion, expressed usually as a cost function g.

Several compositions of the cost function have been proposed depending on the system and control requirements,
equation 5 shows the simplest choice when several variables have to be controlled. Each term includes the dif-
ference between the reference variable and the predicted value at (k+ 1) instants, weighting factors (a, 3, 8) are
also included for offsetting the difference of the variables nature and also for fixing some priorities. Other terms
representing some specific request, such as limitation of the switching commutation, can be included.

g = iy (k+ 1) = ime(k+ 1) [ 4 Blig (K + 1) = ima (k+ 1) +8|VEy co(k+1) = Ver ca(k+ 1)) (5

However, when the number of variables increases, the calculation of the weighting factors in the cost function
can become a straightforward task. An algorithm using a certain number of simulations to get the appropriate
weighting factors in a particular operational point is presented in [17].

Power Converter IcT
Power Converter ICT + Vour
[yt V ! ] il
+ out in Y —
Vin £ _Il\)j} RUIYY) —-/\-—_L PN L) =
_I"u'o'o']' — - LN
1 Sl S
- AAA . .
NEREED k) A0 i
l [ n Ll
— i1 Simplified
Cost Function g ime, Imd Cost Flﬂ:wtwn 8 i (k) i (k)
State -
ime(k+ 1) fme () Machine iy _—
lmc (k - 1) i;l,(](k) y k UmesUmd
Imd . ime (k)
i V. (k me
Verlkr 1) | Predictive <V—’(<k)) MEASURES e (k1) i)
Vet 1) L Va®) ia(k+ 1) -
N Ve (k) Ver(k+ 1) Predictive Vou (k) MEASURES
ime (k) Model Ver (k)
G (K) Vea(k+1) Tk
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Figure 3: (a) Classical MPC strategy (b) Proposed MPC control strategy

Proposed control strategy

The first part of the control strategy is based on MPC for controlling the common mode current (i,,.). A new
idea concerning a variable commutation instant is added to improve the behavior of the controlled variable. This
variation of the classical strategies with fixed commutations not only allows choosing the best voltage level to
commutate but also the best instant to make the commutation in order to get the desired voltage. So, there are two
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variables to be calculated at each sampling period (7). The first one is the commutation instant (#;) and the second
one is the predicted value (i, (k+ 1)) for the next calculation step.

Calculations are based on the predictive model, the measures taken at each sampled time and the possible variation
of the mode common voltage V.. For the studied topology, these variations are:

o AVyye =+E/4if S; =1 with j =1,2,3,4.
o AV, =—E/4if §; =0with j=1,2,3,4.
e AV,,. = 0 if there is no commutation.

Calculation of #; and i,,.(k + 1) are obtained from the equations 5 and 6 after discretization. Fig. 4(b) shows the
principle of the control strategy. With the measures at the k instant, the i,,.(k + 1) current at the f; instant can be
calculated:

L (Vi () = Vot (K)) + e (K) ©)

imc(tk) = I
me

Between 1, < T;, the V. voltage may change AV, so the current iy, at k+ 1 is:

(Ts —t)

mc

Ime (k + 1) = * (Vmc(k) — Vour (k) + AVine (tk)) + imc(tk) (7N
For simplicity, it is considered that the reference current i, does not change in one sampling interval, so %, .(k+ 1)
is equalt to i . (k).

T

Lyc
m * (Vmc (k) —Vour (k) + AV, (lk)) — < %€, (k) 8)

ty =
Vmc(tk)

Where: €;, (k) = |if (k+ 1) — i (k)]

k—1 k statel g1 k kil
: - - 5 : : : >
ik s : : Dt L~ commutation
: commutation o ]
""""" o
state 1 "
Ime i, 1 Ime &
state n state
commutation - AVye <0
state n commutation
(@) (b)

Figure 4: (a) Commutations in classical MPC strategy (b) Commutations in proposed control strategy

The three values of the commutation instant #; (each one calculated for a different AV,,.) are limited between the
calculation time (7,) and the sampling period (7}). Thereafter, the calculation of i,,.(k+ 1) can be obtained from
equation 7.

Three predicted values of i,,.(k+ 1) are obtained and the optimization criterion g is then applied. This criteria is
the minimization of the error g = |i,,.(k+ 1) — ime(k+1)| at instant (k+ 1). The optimal values of #; and AV, are
then found.

Fig. 5(a) represents the state machine used for the second part of the control strategy. In this state machine, the 16
states of the studied topology have been arranged and each row represents the same V,,. voltage level. The possible
transitions between certain states are limited by the number of commutations. Therefore, one commutation of one
commutation cell for each calculation period will be respected.

Fig. 5(b) shows the variations of V,,., V4, V1 and Vo, for each state, when the output current I, is positive.
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Figure 5: (a) State machine for two flying capacitors connected in parallel and the possible transitions between the different
states. (b) Variation of V,,,4, V1 and Vo, for each state for a output current greater than zero.

Control of the differential current i,,;

The differential current is indirectly controlled via the time spent in each state that increases or reduces this current.
When the AV, is selected, the chosen state of the next level voltage will be the one that can take the current closest
to zero at the end of the sampling time. That means that the reference value for the differential current is i} , = 0.
In order to reduce the fast variations of i,,4, states 4 and 13 which produce a high value of V,,,; are forbidden.

The amplitude of the differential current is related to the possible saturation of the magnetic core used in the ICT.
This is because the differential current represents a dc magnetic flux into the magnetic core, which can impose an
operation point close to the saturation zone.

So, the amplitude of this current must be limited, principally during transients. A prediction of current i,,; at the
instant (k+ 1) will be made. If the current exceeds the established limits, a dynamic action is necessary to restore
the value of i,,; around zero. Strategies such as a reduction of the commutation instant f; or the execution of a
double commutation (two cells commutate at the same time) producing a higher slope in the i, dynamics, can be
used.

Control of the Capacitor Voltages V1 and V-

The supervision of each flying capacitor voltage follows the same principle that the differential current control with
a lower priority. Thus, when the states respecting the V,,,. and the V,,; required have been selected, the selection of
the next state will be made according to the voltage evolution required for each capacitor.
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Let’s see these steps trough an example:

Let’s say that the state at the k instant is 1. Currents and flying voltages measures are made and #; is calculated
with equation 6. Let’s suppose that AV, to be applied at #; is greater than zero.

Fig. 5 shows that there are four possible states to commutate: 2, 3, 5 and 9. States 2 and 3 produce a differential
voltage greater than zero while states 5 and 9 produce a negative differential voltage.

If the differential current i,,4 at the instant k is greater than zero, there are two possible states for decreasing this
current at the next commutation: states 5 and 9. For these two states V1 will not change but Vi rise in the state 9
and decrease in state 5. So, if the measured value of V¢, is greater than E /2, the next state will be 5. If the value
of this capacitor voltage is lower than E /2, the next state will be 9.

Simulation and results

The proposed strategy was implanted with PSIM. The simulation parameters have been chosen according the
experimental setup that is actually being carried out. These parameters are: Vj, = 100[V], Ly = 6[mH]|, L,, =

60[mH]|, T, = 50]us], Cip= 100[uF], Ri>= 250[mQ], R; = 12[Q)].

Commutation

Pttt ettt e ettt ettt d it

g
1

Pttt bttt titrt

Li6[12fie[15[ie] 8 Ttg[14fie[12[- - - - - - - - - - - - - - [ 16 [14fte[12]t6[1s[ - - - - - - - - - - - - - - - - - |

Time|ms]

Figure 6: Simulations results for the proposed strategy

Fig. 6 shows the simulation results when the current reference is fixed at 7[A] with a perturbation of 1[A] at
t = 10[ms]. One commutation is executed in each sample time for a steady state operation, the control of the I,
current is thus guaranteed between the states with a V. equal to 3E/4[V] and E[V]. The differential current and
the capacitor voltages are controlled with an appropriate transitions for the states 14,12, 8 and 15.

imc[A] imc[A]

|

12 14 16 18 20 22 24 26

Time[ms] Time[ms]
(a) (b)

Figure 7: Perturbation of the reference current 7. for a (a) sinusoidal waveform and (b) squared waveform
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In terms of dynamic behavior, the proposed strategy presents the same advantages of the classical MPC: a fast
response of the controlled variable. During the transients, the commutation are performed at the final of the
calculation time (7;) fixed in these simulations at 10[us].

Fig. 7 shows the transient response with the control strategy for a sinusoidal (a) and a square (b) current references.

imelA] ime[A]
8 8 w
\ 3
6 1 i;;u' 2 imc e
4 mc
: 0
0 :
ima|mA] ima[mA]
%8 Frarsy rasy b 10— s
0 [N i N 0 ?J\ DJ':‘ VJ\‘ I
~10 \_[7 N I/ A NG |7 \_|7 AT AT\
PN = n ey _
-30 —lsat i 10 —I A ‘—U
~30 md sat i
Vere2[V] Ver,e2[V]
60 60 v
\/ Cl
55 bt 55 {
350 50
45 Ve 45 Ve
02 04 06 08 1.0 12 14 16 04 038 12 1.6
Time[ms] Time(ms]
(a) (b)

Figure 8: (a) Perturbation of the differential current ,,; (b) Reduction of the differential current i,,; oscillations

In some cases, high variations of the reference current ;. can produce important perturbations in the differential
current i,,4. In order to avoid non linear and saturation phenomena in the magnetic core, a survey of i,,; (based
on equation 4) for each sample time is made, this survey will avoid the perturbations of the differential current
beyond the establish value (4i,,). Fig. 8(a) gives an example of this problem, a recalculation of the commutation

instants (f) is presented here when the calculated i:nd reachs the is,; value. When the commutation is applied at
the new #, the oscillations of the differential current are reduced (Fig. 8(b)). Another solution for reducing the ;4

perturbations, consists in the execution of a double commutation (two cells commute at the same time) when i:n d
exceeds Figy.

Conclusion

In this paper, it is presented a new strategy based in MPC with variable commutation instants. The most important
differences of the proposed strategy with the classical MPC are the variation of the commutation instants in each
sampled period, the use of a constant switching frequency and the use of a simplified cost function with a state
machine. The goal of using variable commutation instants is to reduce the error of the controlled variables at the
end of the sampling period, thus not only the necessary voltage level is applied, but also the commutation instant is
appropriately placed for minimizing the output current error at the end of each simple period. The simplified cost
function allows a reduction of the calculations compared with traditional MPC, the state machine allows a better
selection of the optimal state in order to manage the internal variables of the converter.

This strategy is used in two flying capacitors connected in parallel, but it can be applied in topologies with a high
number of variables and parameters to be controlled, such as new multilevel series and parallel converters.

The principal variable to be controlled is included in the optimization criterion to be minimized at each sampling
time while the other variables are controlled by the transitions in a state machine containing all the possible switch
states.

The required survey of certain variables (such as I,,; in the parallel connection) can be done by a prediction of
this variable in each sampling time. Some double commutations can be a solution when some redundancies in the
system are present.
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