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Abstract—While the numerous degrees of freedom of a Modu-
lar Multilevel Series Parallel Converter (MMSPC) for automotive
applications can be used for active balancing of the distributed
batteries’ energy and to reduce total converter losses, it is a
challenge to determine the optimal next states.

In this contribution, we present the implementation of a real-
time model predictive control (MPC) algorithm for an automotive
MMSPC that is able to optimize the switching states in each
control cycle (12.5pus). The focus of the presented algorithm
is the optimal control of the internal states of the MMSPC
itself, without taking the control loops of the motor speed and
torque into account. In addition to the capability of balancing
all batteries within and between the phases simultaneously, the
algorithm uses the common-mode (CM) voltage of the converter
to reduce both the battery and the semiconductor losses. The
control scheme is implemented on a field-programmable gate
array (FPGA) and validated on a machine test bench.

Index Terms—Multilevel Converters, Current Ripple, Automo-
tive, Model Predictive Control, Real-Time, Active Balancing

I. INTRODUCTION

State-of-the-art two-level converters generate a three phase
alternating current (AC) for the motors of electric vehicles
(EV) from direct current (DC)-link voltages of 400 V to 800 V.
The energy source, which usually is either a battery or a
fuel-cell, provides a DC voltage. To improve the low output
voltage quality of two-level converters, multilevel converters
have been investigated for automotive applications [1]-[3].
The increased output voltage quality of multilevel converters
reduces magnetic losses, dielectric stress and the maximum
av

However, a significant drawback of multilevel converters,
especially modular multilevel converters, is the increased effort
to control the internal converter states [4]. Therefore the
converter itself and its internal states have to be taken into
account while pursuing the overall goal of the motor control.

In [5] a new modular multilevel converter topology was in-
troduced. The special characteristic of the modular multilevel
series parallel converter (MMSPC) is, that a battery energy
storage is integrated into each submodule (SM) directly. Ad-
ditionally and in contrast to common multilevel converters,
each SM can be switched to both a series and a parallel state.
This ability leads to an additional degree of freedom to balance
the distributed batteries’ state of charge (SoC) as well as the
opportunity to reduce conduction losses in the converter by
reducing the overall resistance.

A main challenge in the operation of the MMSPC is to
find the optimal state transitions, because of the large solution
space. Some different approaches for controlling an MMSPC
[6]-[8] or single converter arms of the same topology [9],
[10] are presented in literature already. In [7] the control
scheme reduces the batteries’ root mean square (rms) currents
by injecting a 3™ harmonic of the controller’s output voltage
in order to switch more modules in parallel while the current
is high to reduce ohmic losses. In [6] only the conduction
losses in the batteries are taken into account to determine the
next state while the conduction and the switching losses of
the transistors are neglected. In [9]-[12] different scheduling
methods for one arm of an MMSPC are described.

In this paper, a new model predictive control (MPC) algo-
rithm that optimizes the switching state of the entire MMSPC
in real-time is described. In dependence of the weighting
factors, the objective function of the algorithm balances the
SMs’ SoCs and increases the efficiency of the converter, taking
all significant losses into account. Furthermore, the control
scheme can freely use the degree of freedom of the common-
mode (CM) voltage to optimize the converter output. In the
examined system the motor speed and the motor torque are
controlled by PI-controllers which work independently from
the MPC of the MMSPC.

II. TOPOLOGY

We use the MMSPC with asymmetric SMs, shown in
Fig. la. Each of the three phases of the MMSPC consists
of npn SMs, which are linked as shown in Fig. 1b. Due
to the usage of the asymmetric SM, the three modules and
the batteries at the converter’s neutral point (on the left-hand
side of Fig. 1b) are connected in parallel. Each SM has
six active states: series-positive, series-negative, bypass-top,
bypass-bottom and two parallel states. The last module has
only two different states, because its output ports are shorted
which prohibits the parallel states. The remaining two different
active states are series-positive and series-negative. As a result,
the total number of different switching states of one phase
Npos,ph 18 2 - 6meh L If there are five modules per phase
the total number of different switching states of the whole
MMSPC is (2 -651)3 > 101°. For further reading, a more
detailed analysis of the switching states is presented in [5] and

[6].
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Fig. 1: MMSPC Topology

The main advantage of the MMSPC topology is that SMs
which are not switched to either series state in order to
generate the required output voltage, can be switched parallel
to its neighboring module. This leads to two opportunities.
First, the total losses of the modules can be reduced, since the
phase currents can be distributed between parallel modules and
batteries. Second, the possibility of switching parallel can be
used to actively balance the batteries’ SoCs.

Standard sorting algorithms for a Modular Multilevel Con-
verter (MMC) — as described in [13] — sort the SMs in
descending order according to their capacitors’ voltages. They
switch the semiconductors to discharge capacitors with higher
voltages and to charge capacitors with lower voltages. These
algorithms do not take the additional degree of freedom of
parallelization into account, therefore the utilization of the
converter is not at its limit and the MMSPC would not have
any advantages. As a consequence, new algorithms to make
use of all degrees of freedoms of an MMSPC have to be
developed.

III. ANALYSIS

In this section, we present the circuit analysis of the MM-
SPC, on which the new control scheme is based. The analysis
of the converter is divided into three sections, the calculation of
the battery current distribution (Section III-A), the converter’s
internal resistance (Section III-B) and the estimation of the
switching losses of the transistors (Section III-C).

A. Battery current distribution

In contrast to common approaches (e.g. [6]), the approach
presented in this paper does not expect the battery currents to
be equally distributed within parallel modules. This is because
the metal-oxide-semiconductor field-effect transistors (MOS-
FET) have a resistance that is not negligible in comparison
to the resistance of the batteries. Taking this into account, the
currents in the batteries depend not only on the number of
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Fig. 2: Current distribution within three parallel SMs

parallel modules, but also on the position of the module in the
parallel group. Furthermore, if the module is connected to the
neutral point the resulting current distribution depends on the
switching states of the other phases.

As an example, Fig. 2 shows the current distribution in three
parallel modules with equal battery voltages within a phase.
The green rectangle shows the area of expected ratios between
the battery resistance I and the Rpg(on) of the transistors
in the examined system.

For analysis of the MMSPC, each MOSFET is modeled
as either an open-circuit, if it is blocking, or as a resistance
with Rpg(on), if it is conducting. The battery is modeled as a
voltage source with the open circuit voltage Uy, and a series
resistance Ry 4.

The mathematical model of the converter is derived by
analyzing the feasible switching states within a phase, and
separately, across the phases. This leads to battery current
distribution matrices Apat,ph and Apat np, shown in (4) and
(9), which are calculated and simplified offline. They are used
to calculate each battery current in dependence of the battery
voltages, the phase currents and each possible next switching
state, in real-time.

An example of one possibility, based on the parallel group
of three SMs within a phase, is shown in Fig. 3:

In general, if there are np,, modules in a parallel group,
npar — 1 different equations according to (1) are needed to
describe the battery currents. The variables Upat,; and ipat i
are the voltage and current, respectively, of the battery in
module k. The last equation, describing sum of all battery
currents in the parallel group, is set up according to the state
combination of the first and the last module in the parallel
group, according to (2). This sum oy is either the positive
phase current 4}, the negative phase current ¢y}, or it adds up
to no current. The four cases of the switching states of the
first and the last module which have to be differentiated, are:

(a) The first and the last module are both in series-positive
(b) The first and the last module are both in series-negative
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Fig. 3: Parallel group within a phase consisting of three modules with series-positive interconnection
(c) The first module is in series-positive and the last module
in series-negative Apaton =
(d) The first module is in series-negative and the last module AP
in series-positive
R a —R —4R on _4R on
Here, in the example of Fig. 3, it is case (a). bat > DS(on) DS(on)
0 Rbat *RZ 74RDS(on) (4)
. . . .
0 = — Upat,k + Rbatibat,k T 2RDg(0on) Z That,c 0 Riat ~Ry~
c=1 1 o . oo 1
k
— Rpatibat,k+1 + Ubat,k+1 — 2RDs(on) (iph — Z ibat,e) Where Rs~ = Rpat + 4Rps(on)-
c=1 In vector By, ., the state values of the system during
(1) run-time, such as battery voltages and the phase current are
contained. Its dimension is (npay + 1) x 1.
Tpar Iph, case a)
1= ibae =1 —ipn, caseb) @ B =
c=1 0A, casec)ord)

Combining (1) and (2) to a linear system of equations and
solving it, leads to an equation to estimate the battery currents
ibat,x Of each module & during operation within a phase. This
approach is also used to estimate the battery currents in the
neutral point SMs of the MMSPC.

In the following, the general equation to calculate all module
currents within a phase is shown.

The vector iy, ,;, contains the estimated battery currents
within a parallel group in a phase and it has the dimension
(Npar + 1) x 1.

. . . . T
Yhat,ph = (lbat,l Tbat,2 'Lbat,npar) 3)

Matrix Apapn  consists of constants and the val-
ues of the resistors of the system. Its dimension is
(Npar + 1) X (npar + 1) and it is calculated offline.

Ubat,l - Ubat,2 + 2OéRDS(on)iph
Ubat,Q - Ubat,3 + 2Od%DS(on)iph 5

Ubat,npar—l - Uvbat,npar + 2OffEDS(on)iph
o1

« is a factor to define the direction of circulating currents
within a parallel group and it is defined in dependence of the
state of the last module in the group as follows:

-

Equation (7) shows the calculation performed for each
possible parallel group during each switching cycle to estimate
the current distribution in the batteries.

+1,
-1,

last module is in series-negative
last module is in series-positive.

(6)

. _a-1
lbamph - Abat,phﬁbat,ph (7)



The matrices used to calculate the currents in the neutral
point are larger, because one has to distinguish between
more cases. Vector iy, ., is the result which consists of
the estimated battery currents in the neutral point modules
according to the predicted switching state. Its dimension is

(Npar,mp,U + Npar,np,v + Mparnp,w +3) X 1.
That,U,1

tbat,U,npar, np,u

That,V,1
Zbaut,np = (8)

lbatyvxnpar,np,v
That,W,1

Zbatywanpar,np,w

The matrix Apasnp consists of seven separate sub-matrices,
which are explained in the following. Its total dimension
is (npar,np,U + Npar,np,V + Npar,np, W + 3) X (npar,np,U +
Npar,np,V + Npar,np, W + 3)

Abat7U,np Q Q
Q Abat,V,np Q
o Q Q Abat,W,np
Abat.np = Ryeu —Ryai v 0 ©)
Ebat,U Q _Ebat,W
lU lv lVV

In order to write the matrices more compactly, X is used as
a variable for U, V and W. The three sub-matrices Apa¢, x np
are created as follows:

o they are nparnp, x X (Mpar,np, x + 1) matrices

e all elements a; ; with ¢ € 1...nparnp, x are a;; = Rpas

o all elements a; ; with j >4 and i,5 € 1...nparnp, x are
Q5 = _Rbat - 4]%DS(on)

The variable 1., np, x is the amount of parallel modules
connected to the neutral point of the converter in phase X.
The three sub-matrices Ry, x are created as follows:

o they are (nparmp, x + 1) X 1 vectors
o the first element of the vector 1 = Rpat
o all other elements are zeros

The three sub-matrices 1y are created as follows:

o they are 1 X (Nparnp,x + 1) vectors
o all elements are ones

All other elements of matrix Apagnp are zeros.

The vector By, ,,,,» as defined in (10), contains the variables
and the system states of the neutral point of the system
which depend on the current situation (phase currents, battery
voltages and switching state) of the MMSPC.

Ebat,np =
Ubat,u,1 — Ubat,u,2 + 270 RDs(on)iph,U

Ubat, U nparmp.u—1 — Ubat,U nparnp,u T 27U DS (on) ph,U
Ubat,v,1 — Ubat,v,2 + 27v EDS(on) tph,v

Ubat,V nparmpv—1 — Ubat,V nparmpyv T 27V EDS(0n) tph,v
Ubat,w,1 — Ubat,w,2 + 27w BpS(0n)iph,w

Ubat, W onparmpw—1 — Ubat,W npar mpw T 2YW DS (0n) iph, W
Ubat,u,1 — Upat,v,1
Uvat,u,1 — Ubat,w,1
Isig

(10)

The factor «yx is used to generalize the equation and is
defined as:

w={

The significant phase current Ig,, which is necessary to
define the sum of all battery currents in the neutral point,
is calculated according to (13). The factor fx is defined as
described in (12).

+1,
-1,

last module in X is in series-negative
last module in X is in series-positive.

(1)

By = 0, last module in X is series-negative (12)
X7 1, last module in X is series-positive.
Ly = Buipn,u + Bviph,v + Bwiph,w
Npar,np,U Npar,np,V MNpar,np, W
= § Z'bat,U,c + § Z.bat,V,c + § Z.bat,VV,c
c=1 c=1 c=1
(13)

Analogous to (7), (14) has to be solved for each possible
parallel group combination in the neutral point during each
switching cycle to estimate the current distribution.

— AL

bat,npﬁbat,np

(14)

Zbat,np
B. Internal resistance

The converter’s internal resistance and therefore the con-
verter’s conduction losses P.,,q can be calculated directly by
using basic transformations according to Thévenin’s theorem.
In dependence of all valid switching states and combinations
of the SMs, a resulting total internal resistance for each
phase is calculated offline. Since there are symmetries in the
MMSPC for each phase, they can be used to reduce memory
required for data storage. A lookup table (LUT) in the field-
programmable gate array (FPGA) stores the phase resistances
Ry, x of each switching state.




The total conductive losses during operation are estimated
according to (15). As simplification, the batteries are assumed
to be balanced and therefore internal circulating currents are
neglected.

-2 -2 -2
Pcond - Rph,Uth,U + Rph,Vth_’\/ + RPh=WZPh7W (15)

C. Switching losses

The switching losses Py, are estimated according to the
characteristics in the datasheet [14]. In dependence of the
switching transition of a module, either eight transistors
change their conduction state, when switching from series-
positive to series-negative or vice versa, or only four during
every other transition. Consequently, the switching losses
within one module have to be scaled with both the phase
current 4p,, and the number of transistor transitions between
the states. The voltage switched by one transistor is defined
as the nominal battery voltage Upat nom-

IV. CONTROL SCHEME

Based on the presented analysis, an MPC optimizes the
output of the converter based on the possible switching states
in two complementary ways. During operation, the motor
current controller calculates and a subsequent delta-sigma
modulator (DSM) [5] discretizes the demanded output levels
of each phase of the converter, which serve as the input to the
presented MPC.

As the motor’s phases are connected in delta configuration
and therefore no neutral point is existent, a zero-voltage
component can be added by the MPC without affecting the
current control. Starting from the current switching state
and the difference of the DSM outputs of the last and the
new control cycle, the control scheme additionally adds five
different discrete zero-voltage levels (-2, -1, 0, 1, 2) to the
calculated outputs of the three phases. As a result, up to
five different feasible combinations of the three outputs are
possible to fulfill the demanded phase-to-phase voltage.

Furthermore, each phase of the MMSPC has various options
to realize a specific output level [6]. As mentioned before,
the MMSPC has more than 10!° different feasible switching
states. For obvious reasons it is not practicable to check every
possibility to find the optimal state transition for the next
control cycle. Some of the possibilities have lower probability
to be useful than other states. Therefore some restrictions have
to be implemented to be able to find a solution which is more
likely to be better than most of the other possibilities in real-
time. To limit the number of possible subsequent switching
states, a pre-selected solution space is determined. Only serial
states of the same polarity and no bypass-states within a phase
are used, and a maximum of three modules within a phase are
allowed to change their states. As a result of these limitations,
the maximum voltage step at the output of each phase is
limited, too. Furthermore, it is assumed that the differences
in Uy, are small, i.e. the batteries are identical and balanced.
This is valid because balancing of the batteries is one of the
objectives of the used MPC. It has to be mentioned that due

to simplifications throughout the design process of the MPC,
it might be possible that the true optimal switching state is not
considered in the calculation for the next switching state.

The main loss mechanisms of an MMSPC are the
conductive losses due to the battery and transistor resis-
tances as shown in Section III-B, and the switching losses
Py (80, 51,9pn) of the semiconductors [7], as described in
Section III-C. The total losses Jjosses depend on the present
switching state of the modules s, the possible new switching
state s; of the solution space L£1(sg) (s1 € L1(so)) and the
phase currents i,y according to following equation:

Jlossos(507 S1, Z‘ph) = Pcond(sla Z‘ph) + PSW(807 Slyiph) (16)

The costs for the SoC-balancing in dependence of each possi-
ble new switching state sq, the phase currents 7, and therefore
the battery current distribution according to Section III-A, are
calculated with (17).

3npn
Jsoc(51,iph) = D (ibat,c(SoC—S0Cc)?sgn(SoC—SoC.))

c=1

a7
Where SoC' denotes the mean of all SoCs. It is updated
in each switching cycle. In simulations the calculation of the
costs with squared difference of the SoC-deviation lead to
good converging behavior of the SoCs. The square function is
a trade-off between stronger consideration of higher deviations
(in comparison to linear consideration) and simplicity in
calculation (compared to higher powers). Since the square of a
difference is always positive, it is necessary to add the signum
function of the difference as a factor to the cost function to get
equalizing behavior of the SoCs. The cost function considers
not only a penalty (positive result of an addend), but also a
reward (negative result of an addend) if low charge modules
are charged or high charge modules are discharged.
The best state s;* of the solution space with the lowest
combined costs of the objective functions is evaluated using
(18) and sent to the three phases.

*91>.< = arg min()\losschlosscs(SOa S1, Z.ph) + )\SOCJSOC (81, Z‘ph))

s1 € L1

(18)
The weighting factors Ajosses and Agoc can be chosen to
enhance specific behavior of the control algorithm and they
depend on different operational strategies of the converter (e.g.
maximum efficiency, energy utilization). In this contribution,
the weighting factors to minimize the total losses of the
converter and to balance the batteries in every control step
are used separately (one factor is 1 while the other factor is O
and vice versa). In Section V it is shown that both extremes
work and lead to an expected behavior. The combination of
these weighting factors (Ajpsses > 0 and Agoc > 0) during
operation to achieve best utilization of the stored batteries’

energy will be presented in further contributions.
Fig. 4 shows the flow diagram of the implemented MPC
algorithm. In the calculation loop, highlighted in orange,
5 - 5% = 625 different switching combinations of the phases
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Fig. 4: Flow diagram of the MPC algorithm

are evaluated (estimate battery currents, calculate and compare
costs). These 625 combinations result from five different
voltage level combinations and five different switching states
per phase according to the pre-selected solution space.

V. MEASUREMENT RESULTS

The MPC method was implemented and verified in a lab-
scale prototype MMSPC and a test bench with an automotive
permanent magnet synchronous machine (PMSM). The techni-
cal specifications of the converter and load machine are given
in Table I. The control method, including the field-orientated
motor current control is executed in real-time at 80 kHz on a
Cyclone IV EP4CE40F23C6 FPGA from Intel, CA. Both the
reduction of the phase resistance using a CM voltage and the
ability of the control scheme to balance the module battery
SoCs is shown in this section.

The ability of the proposed control method to reduce the
losses of the converter can be seen in Fig. 5a, which shows
the measured current and the voltage of phase U as well as the
injected CM voltage Ujy,;. Without taking SoC-balancing into
account, the injected voltage reduces the overall conduction

TABLE I

System parameters

(a) Model parameters

Parameter Symbol Value
Modules per phase Nph 5
Modulation frequency per phase fow 80kHz
MOSFET Drain-Source-resistance ~ Rpg(on) 4.4 m
Battery nominal voltage bat,nom 12V
Battery capacity Chat 18 Ah
Battery resistance Rypat 15mQ
(b) Motor parameters
Parameter Symbol Value
Pole pairs D 16
Permanent magnet flux linkage P 37mVs
d-axis inductance Lq 44 uH
g-axis inductance Lq 44 uH
Stator winding resistance Rs 49.5 m$2

losses by decreasing the absolute output voltage of a phase
when the output phase current is high, allowing more modules
to be used in parallel and therefore reducing the internal
resistance. However, the relative line-to-line voltage of the
phases is not modified by the CM voltage. In Fig. 5b it can
be seen that the batteries see only a small ripple current and
no battery current is significantly higher than the current of
another battery within the phase except for module 1. Since it
is always in parallel to the first modules in every other phase,
the optimizer distributes the current maximum phase current
among them to reduce overall conduction losses.

Fig. 6 shows the difference to SoC of the SoCs of all
battery modules (6a) and the average values of the SoC of
the phases (6b). At t = Os the module SoCs are initialized
according to a relation between the open circuit voltage and
the current SoC of the battery. During operation, the battery
currents are measured with a sampling rate of 80kS. The
change in charge is calculated every cycle and an SoC-
estimator adds up the change and estimates the new SoC.
Until about ¢ = 380 s (dashed black line), loss reduction of the
MMSPC is the only objective of the controller, which leads
to diverging SoCs (Ajpsses = 1 and Agoc = 0). After t = 380s
the balancing of the SoCs is the only objective (Ajpsses = 0
and Asoc = 1). It can be seen that all SoCs are driven towards
SoC. Simultaneously, the differences between phase SoCs are
balanced over time. After about ¢ = 1750 s all SoCs are within
0.1% deviation which is the resolution of the implemented
SoC-estimator.

VI. CONCLUSION

We have presented and implemented a real-time MPC
algorithm that allows the operation of the MMSPC to be
optimized at each switching step. The algorithm uses a set
of equations for precise current prediction together with the
CM voltage as an additional degree of freedom to achieve both
the reduction of the converter losses and active balancing of
the modules’ SoCs within and between the phases. In further
research the exact design of the different weighting factors for
the objective function will be examined.
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