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Abstract—This paper proposes a sequential Phase-Shifted
Model Predictive Control (PS-MPC) strategy for multicell power
converters. The key novelty of this proposal lies in the way the
predictive control strategy is formulated to fully exploit a phase-
shifted pulse width modulation (PS-PWM) stage. Normally, when
using a linear controller along with a standard PS-PWM stage,
the modulator receives the same duty cycle for all the internal
carriers. In contrast, by means of an appropriate choice of
synchronized models for each carrier, the proposed predictive
controller obtains independent optimal duty cycles for each
carrier in a sequential manner. This allows one to formulate
the optimal control problem to govern not only the output
current but also the internal floating capacitor voltages, similarly
to the finite-control-set MPC (FCS-MPC) case. As a result,
the proposed sequential PS-MPC can attain a faster floating
voltage balancing dynamic when compared to a standard PS-
PWM implementation. Moreover, it generates a fixed-spectrum
in the steady state with a constant commutation rate, which
outperforms a standard FCS-MPC strategy. Simulation results
of the proposed sequential PS-MPC strategy governing a single-
phase four-level flying capacitor converter are presented to verify
its dynamic and steady-state performance.

Index Terms—Predictive control, predictive models, control
design, sequential analysis, flying capacitor, multilevel converters,
pulsewidth modulation (PWM), phase-shifted, power conversion.

I. INTRODUCTION

Multilevel converters (MCs) are an interesting technology
for medium/high-voltage and high power applications, such
as high-power ac motor drives, active power filters, and
integration of renewable energy sources to the grid [1], [2].

Several multilevel topologies have been proposed in the
literature, which offer different features [1], [3]. Among them
the most important, and in continuous development, are the
Neutral Point Clamped (NPC), Flying Capacitor, Cascaded
H-bridge (CHB), and Modular Multilevel Converter (MMC)
[1]. This work is particularly focused on the flying capacitor
converter, which is an interesting multilevel topology from the
power electronics and control point of view. This topology
requires a single dc-link to feed a three-phase load (unlike
CHB), is not difficult to scale to a higher number of levels
(unlike NPC), and the flying capacitor voltages can reach a
stable operation under not too demanding conditions. On the
other side, from a control perspective, when an active control
of the capacitor voltage balance is required, the converter
model results in a non-linear system due to the interaction of
the states (capacitor voltages) and inputs (semiconductor gate

signals). In general, a standard approach in power electronics
to address this issue is to decouple this problem by means of
a pulsewidth modulation (PWM) technique [4]. For example,
in [5]-[7], it has been shown that in steady-state operation and
using phase-shifted PWM (PS-PWM), the floating capacitors
tend to stabilize their voltages to a, so-called, balanced value
without requiring an active control. This, is referred to as
natural balancing. Therefore, in a flying capacitor converter,
the PS-PWM stage takes care of the internal capacitor voltages
while an external controller governs the output current [8].
However, this natural balance mechanism presents a poor
capacitor voltage dynamic (slow with large oscillations), which
only depends on the system parameters. In [9], it was shown
how the natural balancing process can be significantly acceler-
ated by actively controlling the capacitor voltages using finite-
control-set model predictive control (FCS-MPC). Moreover, in
[10], FCS-MPC has been used to impose a capacitor voltage
ratio different to the balanced case in order to increase the
number of levels in the output voltage, improving the output
current Total Harmonic Distortion (THD). As in other MPC
algorithms (see, e.g., [11]-[15]), in [9], the actuation signal is
chosen to minimize a cost function, which quantifies a tracking
error. A key aspect of FCS-MPC, as used in [9], [10], is that
it explicitly takes into account the fact that power converters
can only generate a finite number of actuations. Thus, the
optimal switching combination, i.e., the one which minimizes
the cost function, can be found by searching over a finite set.
An advantage of FCS-MPC methods is that the cost function
can merge in a single-expression electrical and nonelectrical
variables, e.g., tracking of currents; the balancing of capacitor
voltages and the total number of commutation events [16],
[17]. However, a clear disadvantage when compared to PWM-
based control strategies is a variable switching frequency, an
uneven distribution of semiconductor losses, and a spread
spectrum in the electrical variables are obtained.

To address the above issues, this work proposes a sequential
Phase-Shifted MPC (PS-MPC) for multicell power converters.
This predictive control strategy takes advantage of the PS-
PWM working principle to optimally obtain independent duty
cycles for each carrier in a sequential manner. As a result,
the proposed sequential PS-MPC can attain a faster floating
voltage balancing dynamic when compared to a standard PS-
PWM implementation while achieving a fixed-spectrum in the



steady state with a constant switching rate which therefore
outperforms a standard FCS-MPC strategy.

II. FLYING CAPACITOR CONVERTER

In this section, we describe the flying capacitor converter
topology in more detail and develop a model for the system.
Figure 1 shows a schematic of a single-phase four-level flying
capacitor converter. This converter is electrically fed by a
dc-voltage source V.. Internally, this converter has three-pairs
of power switches that work in a complementary manner to
avoid open- and short-circuits. Therefore, the state of each
pair of switches can be represented only by the state of one
of them, i.e.:

0 ifS;=0and S;=1
S;(t) = o s _
1 ifS;=1and S;=0

for all j € {1,2,3}.

A distinguishing feature of this converter is that it has
two internal capacitors that are electrically floating. They are
required to generate intermediate voltage levels in the total
output voltage. Thus, a staircase waveform of four-levels can
be achieved when floating capacitor voltages are balanced, i.e.,
Vie : vo2 :ver = 1:2/3:1/3. It is important to note that
the load is connected between the output terminal a and the
middle point of the dc-link n in order to generate a returning
path for the alternating output current.

ey

A. Continuous-Time Model

To derive a continuous-time model of the flying capacitor
converter, we firstly denote:

U1 (t) Sl (t)
u(t) = |ua(t) | = | S20) |, (2)
us(t) S(t)

as the system input. Then, considering the electrical topology
in Fig. 1, by using simple circuit analysis, the following
continuous-time dynamic model for each capacitor voltage and
output current can be obtained:

Lol - i) - wa ) ®
dvfii(t) _ _CiziL(t)(UQ(t) —ug(t)) “)
di(Lit(t) _ _%iL(t) + %van(t), ©)

where v,,,(t) is the converter output voltage, which is given
by:
Van(t) =(u1(t) — uz(t))vor(t) + (uz(t) — us(t))vea(t) ©
+(us(t) = 1/2)Vae.

B. Discrete-Time Model

The continuous-time model in (3)—(5) can be transformed
into discrete-time by using a zero order hold approximation, by
considering that the output voltage, v, (t), remains constant
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Fig. 1. Single-phase four-level flying capacitor topology and proposed

sequential PS-MPC strategy.

during the sampling period 7. This results in the following
discrete-time dynamic model of the flying capacitor converter:

ver(k +1) = ver(k) — yerin (k) (ui (k) — uz(k))
voo(k 4+ 1) = vea(k) — veoin (k) (uz (k) —us(k))  (7)
ir(k+1) = vair (k) + van (k)

where

Yo = e TR/,

MW= (1-7)/R, ®)

Yej = Ts/Cjo

Finally, considering

ver (k)

(k) = |vea(k) )
ir(k)

as the system state, a discrete-time state-space model of the
flying capacitor converter can be represented via:

z(k+1) = Az(k) + B(z(k))u(k) + ¢ (10)
where
[1 0 0
A=10 1 . g= o |,
00 ] a2 (an
—Yerir Yeltr 0
B(z) = 0 =2t I Ye2lr
L woer iw(vez —ver) v(Vae — vez2)
——
b1 (Z]Z) bQ(CE) bg(l‘)

Notice from matrix B(z) in the state-space model (10)-
(11) that the flying capacitor converter is a non-linear system,
since the system state, z:(k), multiplies the control input, u(k).
Therefore, from a control viewpoint, this is a challenging
topology.

C. Control Target

For the flying capacitor converter, it is desired to control
not only the output current, iy, (¢), but also the internal floating
capacitor voltages.



In general, a flying capacitor converter can be subdivided in
cells. Each cell is composed by a dc-voltage source (or floating
capacitor) and a pair of complementary power switches. For a
n-cell flying capacitor converter, the voltage that each switch,
S;, has to block is given by the difference between the two
adjacent capacitor voltages. To ensure that this voltage is the
same for every switch, each capacitor C; must be charged
with a voltage of

v&=#%,weﬂwwﬂ (12)
As aresult of this, a blocking voltage of V. /n will be obtained
for every power switch. Moreover, as mentioned before, if
these balanced voltages are achieved, a four-level output
voltage waveform will be obtained for a 3-cell converter, as
the one shown in Fig. 1. Therefore, the control target for this
converter can be represented by:

Vae/3
o (k) = |2Vie/3 (13)
i, ()
where the output current reference is given by:
i7,(t) = I sin(wt). (14)

III. STANDARD FCS-MPC

In order to achieve the desired balanced voltage condition,
a multi-variable closed-loop controller for a flying capacitor
converter should not only govern the output current but also
the internal floating voltages, as per (13).

To obtain predictions of the system state, the non-linear
system (10) can be directly evaluated for the 8 different
combinations of u(k), namely,

o (RARARHRERERHRH) A

Then, each system state prediction is evaluated in the
following quadratic cost function:

J(k) = e(k+ 1)"Qe(k + 1) (16)
where
ek+1)=x(k+1)—a*(k+1) 17
is the next-step system state tracking error and
Q@ = diag(A1, A, 1) (18)

is the system state weighing matrix. Here, A\; and )\, are
weighting factors which allow one to trade current tracking
error versus capacitor voltage tracking errors and, thus, achieve
the proposed control target.

Finally, the optimal switch combination is the one that
minimizes the cost function in (16), i.e.,

SOP (k) = arg{ min J(k)}.

19
S(k)eU (19

For further details on stability of FCS-MPC for power con-
verters, the reader is referred to [18], [19].

IV. PROPOSED SEQUENTIAL PS-MPC

In general, when controlling power converters, a modulation
stage is normally used to synthesize the required output
voltage. Particularly for flying capacitor converters, it is also
required that this modulation technique can balance the float-
ing capacitor voltages. In this context, one of the most popular
modulation techniques for flying capacitor converters is PS-
PWM. This modulation technique provides a natural balancing
of the floating capacitor voltages with an easy implementation.
However, since it is not an active control method, the resulting
dynamic is in general slow and with large oscillations, which
depends only on the system parameters.

To formulate the proposed sequential PS-MPC strategy, we
take advantage of the PS-PWM working principle; cf. [20]. In
Fig. 2, a three-carrier PS-PWM working in a double update
mode is depicted. Here, one can see that each duty cycle, d;,
is only updated whenever the value of its associated carrier
T; is at one of its edges. After that, d; remains constant
until the next update (i.e., during half of the carrier period,
T./2). This results in a sequential duty cycle update process
(as shown in Fig. 2), with the advantage that only one of
them needs to be obtained at each sampling instant. This
behavior is the key to derive an average model that will be
used to sequentially forecast the future system behavior every
T./(2n)-time intervals, but considering predictions for each
half of the carrier period, i.e., Ts = T./2 in (8).

A. Sequential Average Model

Based on the above analysis, a sequential average model of
the flying capacitor converter can be derived. Firstly, we notice
that each power switch, S;(k), commutes only once during its
updating period, 7../2. Thus, we now substitute them by their
average values (or duty cycles), d;(k) in (10), i.e.,

dy (k)
da (k)
ds (k)

(20)

Then, since only one active duty cycle, d; (k), needs to be
calculated, the inactive ones are considered to be constant.
Thus, the inactive duty cycles are represented by d,(k) with
£ # j. Consequently, the resulting sequential average model
of the flying capacitor converter is represented via:

w(k+1) = Ax(k) + bj(z(k))d; (k) + h;(x(k))

where

21

3
hi(x(k) =g+ > be(w(k))dy. (22)

=1
=5
Notice that b;(z) and by(z) are vectors that belong to the
original system matrix B(x) in (11).
B. Reference Design

As described in [19], when formulating an MPC strategy, it
is convenient to include in the cost function a term to penalize
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Fig. 2. Standard PS-PWM working in a double update mode.

the control effort. This allows one to regulate the controller
bandwidth. To do this, based on z*(k) in (13), it is necessary
to find the system equilibrium point (z*(k), u*(k)). When the
system achieves the desired steady-state, i.e., z(k) = a*(k),
the controller has to apply u*(k) so the system can remain in
this steady-state, i.e.,

x*(k+1) = Az*(k) + B(z*(k))u* (k) + g.

The steady-state input, u*(k), can be easily obtained by
analyzing the continuous-time model in (3)—(5). Firstly, since
a constant reference is desired for each floating capacitor
voltage, in the steady-state their derivatives become zero, i.e.,

(23)

dvg,  duvg, 0
dt dt
Thus, from (3) and (4), this condition is achieved whenever

the control inputs are equal, i.e.,

ui(t) = uz(t) = uz(t) = d*(t).

(24)

(25)

Now, a similar approach can be applied to the output current
reference. By taking into account (5), (14), and (25), it follows
that

dlz (lf) o R % Vdc

L2 =T (@ (1) - 1/2).

Therefore, the steady-state duty cycle to keep the desired
system reference in the steady-state is give by:

(t) +

(26)

*

I 1
d*(t) = Vi (Rsin(wt) + X1, cos(wt)) + 3

where X = wL.

Finally, the equilibrium point for the flying capacitor con-
verter can be expressed via:

27)

Vae/37 [d*(k)
(2" (k),u* (k) = | [2Vae/3| . |d*(k) (28)
ip(k) | [d7(k)

C. Sequential Optimal Control Problem

To obtain the optimal duty-cycles, the following cost func-
tion is introduced

Ji(k) = e(k+1)TQe(k + 1) 4+ \a (5;(k))>  (29)
where

5;(k) = d;(k) — d*(k) (30)

and e(k + 1) and @ are as per (17) and (18) respectively.
Moreover, A4 is the control weighting factor that allows one to
trade system state tracking errors versus a control input effort.
Finally, the optimal duty cycle is the one that minimizes this
cost function, i.e.,

d' (k) = arg {min Jj(k;)} .

1
d; (k) 1)

Since at each sampling instant, the cost function only depends
on one active input, each optimal duty cycle, d?pt, can be easily
obtained by solving the standard derivative

dJ; (k)
= . 2
ad, (k) " ¢y
This leads to the following explicit optimal solution:
AP (k) = —(W; (k)" Fy (k) (33)
where
W;(k)=b;(x)" Qbj(x) + Aa, 34

Fj(k)=b;(2)" Q(Az + hj(w) — «*(k+1)) — Aad" (k)

with x = x(k).

Notice that if Ay is too large, then the second term in
(29) becomes predominant. For this case, the optimal solution
becomes u°P'(k) = w*(k). This will result in an open-loop
slow dynamic given by the natural dynamic of the system. On
the other hand, if \; is too small (A\g =~ 0), then the controller
will become in a multi-variable deadbeat controller [21], which
can be too aggressive. Therefore, Ay can be used to regulate
the closed-loop bandwidth of the controller.

It is important to emphasize that the proposed sequential PS-
MPC strategy can be easily extended to govern flying capacitor
converters with a large number of cells. This comes from the
fact at each sampling instant only one optimal duty-cycle has
to be calculated by evaluating (33), irrespective of the number
of cells in the converter.

V. SIMULATION RESULTS

The effectiveness of the capacitor cell voltage balancing for
the start-up condition is analyzed by comparing the results of
the proposed sequential PS-MPC strategy with those obtained
for a standard PS-PWM and standard FCS-MPC. Simulations
are carried out on the single-phase four-level flying capacitor
converter using the system parameters in Table L.

A. Standard PS-PWM

For this case, each carrier is set to have a frequency of f. =
1.5 [kHz]. Since 1 = 3 carriers are required, they are phase
shifted by 120° with respect to the previous one. This results
in an apparent output switching frequency of 4.5[kHz] in the
output voltage v,,,. Figure 3 shows the start-up condition for
the standard PS-PWM. In this worst case scenario, the floating
voltages raise from O to their references in about 150 [ms].
This represents a very slow dynamic. During this period, the
power switches are exposed to a blocking voltage larger that
Vae/3. Notice that the voltage levels are clearly identified only
after the capacitor cell voltage balancing is achieved. At this
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Fig. 3. Standard PS-PWM results: (a) Capacitor voltages and their references,

(b) load current, (c) load voltage, and (d) its corresponding steady state
spectrum.

Table 1
MAIN CONVERTER AND CONTROLLER PARAMETERS.

Parameter Value
Vie 450 V
R 10
L 5 mH
C1=Cy 66 uF
A1 = A2 0.01
Ad 100
fe 1.5 [kHz]

time, the output current presents a high quality, while the
output voltage is characterized by a fixed spectrum, with the
main harmonics centered at fgyw = 4.5 [kHz] (fsw = nf.).

B. Standard FCS-MPC

For this case, the standard FCS-MPC runs with a sampling
frequency f, equal to 9 [kHz]. This limits the maximum switch
commutations to fgy < 4.5 [kHz]. Moreover, the system
predictions are obtained by evaluating the system model in
(11) with Ts = T./6. For the same start-up condition, the
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Fig. 4. Standard FCS-MPC results: (a) Capacitor voltages and their references,

(b) load current, (c) load voltage, and (d) its corresponding steady state
spectrum.

controller governs not only the output current, but also the
internal capacitor voltages as shown in Fig 4. Notice that the
dynamic of the capacitor cell voltage balancing is improved
with respect to the standard PS-PWM. A faster response is
achieved, about 5 [ms]. However, a spread spectrum and higher
WTHD is obtained. This is due to the fact that more lower

order harmonics are generated in v,,, when compared to using
PS-PWM.

C. Proposed Sequential PS-MPC

Due to the double update mode of the PS-PWM, the
proposed sequential PS-MPC strategy works with a sampling
frequency of 9 [kHz] (fs = 2nf.). Nevertheless, since each
optimal duty-cycle, d;pt, remains constant for half of the carrier
period, the system predictions in (21) are evaluated using a
sampling period of Ts = T,./2. As with the FCS-MPC case,
the resulting voltage dynamics are fast. However, in this case,
the output voltage spectrum is fixed (similar to PS-PWM)
as shown in Fig 5. Moreover, the same WTHD is obtained
between the standard PS-PWM and the proposed sequential
PS-MPC strategy, which implies that the small difference in
THD is mainly given by high order harmonics, which can be
easily filtered out by the load.
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Fig. 5. Proposed Sequential PS-MPC results: (a) Capacitor voltages and their
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VI. CONCLUSION

This paper proposed a sequential PS-MPC strategy for
multicell power converters. A case study using a single-phase
four-level flying capacitor converter has been analyzed. The
major benefits of the proposed sequential PS-MPC strategy
are: the explicit consideration for the capacitor cell voltage
balancing in a sequential manner, which allows one to speed-
up the voltage balancing dynamic; and the fixed-spectrum and
constant switch commutations obtained in the steady-state.
Therefore, the proposed sequential PS-MPC strategy has the
potential to outperform both standard PS-PWM and FCS-MPC
strategies. Additionally, since only one optimal duty cycle
has to be calculated at each sampling instant, the proposed
sequential PS-MPC strategy can be easily extend to govern
flying capacitor converters with a larger number of cells.
Moreover, it can be also applied to other multilevel topologies.
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