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Flying capacitor multi-level converters use charged capacitors as a critical element. For
proper operation, the capacitor voltages must be known and regulated. Direct measure-
ment is straightforward, but when the number of required measurements is high, this is a
complicated approach. This paper introduces an estimation method for # capacitor volt-
ages. The scheme is based on a system of (# + 1) equations, which is defined in a way that
it incorporates information of the actual capacitor voltages and open-loop estimates of
the capacitor voltages. The solution of the system gives the best estimates of the capacitor
voltages in the sense of least square errors. The method requires only output voltage and
output current sensors and its computational burden is low, saving cost and design efforts,
and simplifying the hardware system. The performance of the proposed scheme is evalu-
ated experimentally in a 9-level flying capacitor chopper, where the estimates are used by

1 | INTRODUCTION

Multi-level converters were introduced with the invention of
the neutral-point-clamped (NPC) converter [1]. Later, other
multi-level topologies, as the flying capacitor multi-level con-
verter (FCMC) [2], the cascaded H-bridge multi-level con-
verter (CHBMC) [3], and the modular multi-level converter
(MMC) [4], were developed. In one hand, multi-level converters
allow using power electronics semiconductors in voltage levels
higher than the blocking voltage of the individual power semi-
conductors, enabling the use of power electronics in middle and
high voltage applications. Moreover, its output voltage is com-
posed of more than two discrete voltage levels, improving its
quality. On the other hand, each specific multi-level topology
has a particular structure, but share a basic operating princi-
ple. In this sense, multi-level converters use a set of voltage
sources which are series-connected by power semiconductors to
get the multi-level output voltage waveform. There are several
ways in which the voltage sources and power semi-conductors
can be arranged, given raise to the known multi-level topologies
[1—4]. In general, charged capacitors define the voltage sources
in multi-level converters, which needs a control loop to ensure
the required voltage level at each capacitor. Furthermore, each

the voltage balancing strategy and by the output current controller.

topology has specific requirements concerning the capacitor
voltages which ate needed to get a proper and safe converter
operation. When the number of capacitors is high, maintain-
ing the required voltage level at each capacitor is a challenging
task.

Due to its high-quality waveforms and its capability to oper-
ate at higher voltages than individual semi-conductors, multi-
level converters are attractive for applications in medium or
high-voltage levels [5-8]. More recently, the FCMC is pro-
posed for applications where high-density power and high-
quality waveforms are required. In [9], an active power filter
based on a 3-level 4-leg FCMC is proposed, and in [10] a flying-
capacitor (FC) bridge is incorporated into a full-scale converter
for direct-drive wind turbines. Also, in [11] an FC-MMC is pre-
sented for medium-voltage motor drives, and in [12] an FC fly
back converter for pulsed power applications is proposed. Fur-
thermore, 7-level FCMC are applied to single-phase inverters
in [13] and as a power factor correction front end boost con-
verter in [14]. Also, in [15] a single-phase N-level FC multi-
level rectifier is used in a solid-state transformer, and a com-
pact dual-output inverter is presented in [16]. Finally, in [17] a
9-level FCMC for electric aircraft applications is proposed and a
13-level inverter is presented in [18]. These applications
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demonstrate the potential of the FCMC using a high num-
ber of levels, where the property of natural balance is used to
achieve the required voltage at each capacitor. Several works
have studied this property, and proposed techniques to improve
its dynamics, especially at start-up when the input dc voltage
increases from zero to nominal value [19-22]. Furthermore,
closed-loop strategies are used to improve the capacitor volt-
age balancing dynamics [23-28]. Indeed, the closed-loop con-
trol of the capacitor voltages is an area actively researched. Most
of the proposed techniques require to know the capacitor volt-
ages to implement a closed-loop control strategy. Direct mea-
surement is straightforward, but when the number of capacitors
is high, direct measurement becomes a complicated task. In this
case, it is more convenient to use a reduced number of sensors,
and indirectly measure the voltages using estimation or obser-
vation techniques. In this sense, there are several proposals to
simplify the capacitor voltage measurement task [29]-[41]. Esti-
mation and observation techniques are based on measurements
of the output current or the output voltage or both, which com-
bined with the system model allow to know the capacitor volt-
ages using a reduced number of sensors. Some proposed tech-
niques ate based on non-linear theory [29-31] or sliding mode
approaches [32, 33]. These approaches have fast response, and
good performance under parameter uncertainty, but its com-
plexity restraint their real-time implementation, and tuning the
observer gains is difficult, especially when they are implemented
in discrete time with relatively big sample times. In [33], a dis-
crete sliding mode observer is proposed, and some guidelines
are given to select the gains. Other proposals use the output
voltage measurement to measure the capacitor voltages indi-
rectly. Indeed, there exist some switching states where only one
capacitor determines the output voltage; in this case, the volt-
age of that capacitor is equal to the measured output voltage.
In [34], this is applied to an MMC, using a single voltage sensor
for a subset of modules. Whenever only one of these modules is
active, then its voltage is equal to the measured output voltage.
If more than one module is active, then the voltages are esti-
mated using an open-loop approach. The error introduced by
the open-loop estimation is corrected by enforcing a measute
sequence at predefined times, which introduces additional com-
plexity to the scheme. A similar approach is used in [35] with a
flying capacitor converter. Here, the estimation scheme is pre-
sented using the formalism of Petri nets. Furthermore, [36] pro-
pose to divide the modules in an MMC into several groups and
use one voltage sensor for each group. Several cases are consid-
ered to estimate the voltage of each group accurately. In these
schemes, correction of the open-loop induced errors needs the
introduction of a particular measuring sequence, which adds
complexity to the system.

Other estimation schemes are based on linear quadratic
schemes [37—40]. Since the output voltage is a linear combi-
nation of the capacitor voltages, then several consecutive mea-
surements are expressed as a system of linear equations — the
solution of this system gives an estimate of the capacitor volt-
ages. In [37], the capacitor voltages in an FCMC are estimated
using this principle. An over-determined system of equations
is defined from consecutive output voltage measurements, and

then solved to find an estimate of the capacitor voltages, how-
ever, a unique solution is not always possible. Moreover, this
approach needs a high sampling rate, putting restrictions for
its real-time implementation. In [38], an adaptive linear neuron
and a recursive least-squares algorithm are proposed. Both algo-
rithms are similar in the sense that both need a design parameter
for the correction term, but the recursive least-squares needs a
higher number of calculations. Another linear quadratic estima-
tion scheme is proposed in [39] to estimate the state variables
in an MMC. Also, in [40], the Kalman filter is used in an MMC,
where a linear combination of the capacitor voltages models the
output voltage, and the Kalman filter is used to estimate the
capacitor voltages from the output voltage measurements. Also,
an open-loop predictor combined with a simplified version of
the Kalman filter is proposed in [41]. Here, the open-loop pre-
diction of the output voltage is compared with its measurement
to introduce a correction term in the open-open loop estima-
tion. The scheme is applied to an MMC and verified by numeti-
cal simulations.

In this paper, we propose a simple and efficient estimation
scheme for the # voltages of the FCMC. The scheme is based
on a system of (#+ 1) equations requiring only output voltage
and current sensors, saving cost and design efforts, and sim-
plifying the hardware system. The first equation models the
output voltage as a linear combination of the capacitor and
input voltages, the other # equations contain the information
of previous estimates. The solution of the system, in the sense
of least-square-errors, gives the best estimate of the capacitor
voltages, at each sampling time. Among its distinctive features,
we have its straightforward implementation, its low computa-
tional burden, good precision, and the absence of adjustment
parameters. Moreover, the scheme can be applied to converters
with an arbitrary number of voltage levels. Furthermore, the
scheme is validated by simulation and experimentally in a 9-level
flying capacitor chopper, where the estimated voltages are used
to implement a closed-loop control strategy for the capacitor
voltages and output current.

The rest of the paper is organised as follows. In Section 2,
the general model of a multi-level converter is developed. After
developing the model, the estimation scheme is introduced in
Section 3, and its application to a 9-level flying capacitor chop-
per is presented in Section 4. Then in Section 5, the test bench is
described and simulation results are presented in Section 6. The
experimental results are analysed in Section 7, and the conclu-
sions outlined in Section 8.

2 | MULTI-LEVEL CONVERTERS

Multi-level converters can be represented by the serial con-
nection of controlled voltage sources, as shown in Figure 1,
where in most cases, charged capacitors are used instead of volt-
age sources. The control input of the ;th voltage source is a
discrete function, & ;€ {=1,0,1}. In this section, we develop
a general model for a multi-level converter; the model is
intended to develop the estimation scheme for the capacitor
voltages.
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FIGURE 1 Equivalent circuit of a generic multi-level converter

2.1 | Multi-level converter model

Figure 1 shows an equivalent circuit of a multi-level converter,
modelled as the serial connection of controlled voltage sources.
From Figure 1, the output voltage is defined by a linear combi-
nation of the # voltage sources, expressed as

n(t)= Y, 8,)- 1,0 M

J=1

where §,(#) and v, (1) are the commutation function and the
voltage of the j#h voltage source, respectively. The commu-
tation function §,(#) is defined by the control signals of the
power semiconductors.

When capacitors are used to define the voltage sources, their
voltage dynamics is given by

n, (1) = 2, (0) + % / MON )
J 70

where 2 0y, z'[/, (#) and C; are the initial voltage, the current and
the capacitance of the jth capacitor, respectively. In this model
we assume that the equivalent series resistance (ESR) of the
capacitors is negligible. The current through the jth capacitor
is defined by the output current and the commutation function
as

i (1) = =6,;(1) - i)t) 6)

5

where 7,(#) is the converter output current.

2.2 | Discrete model

Let us suppose that the converter variables are known only at
discrete instant times # = £A#, where £ € N and Az is the time
elapsed in between sampling instants. Then, at time £, the out-
put voltage is given by

n
o= Z‘{ 8% of )
p=

wherte (-) are variables defined at instant time £.
Furthermore, the capacitor voltages are given by

&
i

yé = 05_1 + CL - Ar 5)
J

whete we assume that Az is small, such that zf ~ z'[/f_l. Then,
introducing Equation (3) into Equation (5), the capacitor volt-
ages are expressed as

&

Y £l
=0 — 05— - Az (6)

J J J C/

Equations (4) and (6) are the basis for the estimation scheme
that is introduced in Section 3.

3 | ESTIMATION OF THE CAPACITOR
VOLTAGES

Let us assume that at time £ the output current and output volt-
age are measured, the commutation functions are known, and
an estimate of the capacitor voltages at time £-7 is available.
Then, from Equation (0), the @ priori (or open-loop) estimation
of the capacitor voltages, at time £, is given by

&

nE_ _ nk—1 X2

ﬁ[/. = 1/[/ - 5] F - Ar )
]

where ()%~ is the a priori ot open-loop estimate at time £ for the
variable (-).

On the one hand, Equation (7) gives estimate of the capacitor
voltages that are subject to the well-known limitations of open-
loop estimators; on the other hand, the measurement of vf is
a linear combination of the actual capacitor voltages at time 4.
Then, the open-loop estimates and the output voltage measure-
ment can be used to form the following system of equations:

. _ .
%o & & - &) ,
1
el I I R |
U
=lo 1 o || ®)
0o - off"°
V
Ak o
s | 0 0 1 ==
—— Vf
A A*

where V¥ € RO+, A* € 70+ DX and Vi e R

The over-determined system (8) can be solved to find the best
estimates of the capacitor voltages in the sense of least-squares
errors (LSE) at time 4. The (pseudo-) solution to system (8) is
given by

Lk r A
Vo=@ ahTat vy ©)
is the transpose matrix of the design matrix A/e,

& T
where A

RN . . el e o
(A™ A™)7 is the inverse matrix of (A” A”) which is a square
(7 X ) matrix called the pseudo-inverse of A*; the (pseudo-)

solution of (9) is unique if nm/é(A'é) = n which is always assured
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by the last # rows of A, Indeed, Vf represents the best esti-
mation of the capacitor voltages at time £, in the sense of LSE.
These estimates are obtained by combining a measurement of
the output voltage (a linear combination of the actual capaci-
tor voltages), and the open-loop estimates of the capacitor volt-
ages. Note that the introduction of the output voltage measure-
ment allows adding a closed-loop correction term to the open-
loop estimates.

3.1 | Estimation algorithm

Given the sparsity of matrix A*, system (9) can be solved to
find an explicit equation for each estimate. Solving Equation (9),
each estimate is given by

~ A~k d -~k

p‘j =0+ 1<j S =70) (10)
where @f is the estimate of the jth capacitor voltage, with
J=1.,m pﬁ* is the a priori (or open-loop) estimate of the jth
capacitor voltage, as defined by Equation (7); #¥ is the measured

. .o . .
output voltage, and 7,~ is the @ priori estimation of the output
voltage, given by

n
ok ~k
=8k i a1
=1
the gain K/ % is defined as
5.
K= / (12)

J "oos2’
L+ Z/=1 5/'

Thus, the proposed estimation scheme is defined by Equa-
tions (7), (10), (11) and (12), where Equation (10) is the explicit
equation for each estimate, Equation (7) represents the a pri-
ori estimates of the capacitor voltages, Equation (11) gives the
a priori estimate of the output voltage and Equation (12) rep-
resents the gain for the correction term. Indeed , the output
voltage measurement allows to add a correction term based
on the actual capacitor voltages which improves the open-loop
estimates.

4 | ESTIMATION OF THE CAPACITOR
VOLTAGES IN A FLYING CAPACITOR
MULTI-LEVEL CONVERTER

In this section, we apply the estimation algorithm to FCMC,
which equivalent circuit is shown in Figure 2. It consists of
n voltage sources, that can be connected in series by the
action of the switches control signals, ; and 5’]. Proper oper-
ation of the converter requires complementary control signals,
d; and Zz’/ [2].

Let define the control signal applied to the upper switch of
cell j as d; € {0,1}, where 0 and 1 define the gff and oz state,

d, djy1 d; d; dy

—_—

ic, lej ic,

FIGURE 2 Equivalent circuit of a FCMC

respectively. Then at time 4, the following commutation func-
tion is defined

; p

'/ j+1 dﬂ+1 =0 (13)

J=1.,n

where 5f € {—1,0,1}. Furthermore, the output voltage is
defined as a linear combination of # voltage soutces, as

n
= z; 8- 1t (14)
=

£ - £ . .

where 2,5 from j =1,..,n—1,and #; are the flying capacitor

voltages and the input voltage at time £, respectively.
Moreover, the capacitor voltages are given by

Z'/é
o= =85 L A (15)

Equation (15), for j=1,...,n—1, represents the flying
capacitor voltages, and for j = 7 it represents the input volt-
age source; if the input voltage is considered constant between
sampling times, then the second term in the right hand side of
Equation (15) is equal to zero for j = n. Moreover, the follow-
ing voltage values at each capacitor are needed:

« _ Ve
r/_ ”/

J=1e, (1= 1) (16)

where »*

¥, n and I are the voltage reference for the jth

capacitor, the number of commutation cells and the input volt-
age, respectively. These capacitor voltages are necessary to dis-
tribute the input voltage between the series-connected switches
evenly, and also to obtain an output voltage composed of dis-
crete voltage levels of equal magnitude. Indeed, these capaci-
tor voltages are a necessary condition for the proper and safe
converter operation [2]. Equations (14) and (15) are identical to
Equations (4) and (6) of the generic converter described in Sec-
tion 2, and therefore, the estimation of the capacitor voltages
can be achieved applying the method presented in Section 3.
Thus, the estimation of the capacitor voltages is given by Equa-
tions (7), (10), (11) and (12), where the commutation functions
are defined by Equation(13).
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FIGURE 3  9-level FCMC with R-L load
5 | TEST BENCH

In this section, we explain how the proposed estimation algo-
rithm is used in a 9-level FCMC system. Figure 3 shows a 9-
level FCMC, which is composed of eight commutation cells.
Each commutation cell is defined by a pair of complementary
switches (§jU and §jL) and capacitor C;, where ; =1,...,8;
note that for j=8 that capacitor defines the input voltage 1.
The cell switches are controlled by complementary control sig-
nals j dj’, where j = 1, ..., 8. The complete system includes the
control strategy for the capacitor voltages balance and the out-
put current controller, as shown in Figure 4. The test bench is
composed of a 9-level FCMC configured as a chopper with and
R-L load. The estimation and control algorithms are periodi-
cally executed on a dSPACE 1104 control board, with a sam-
pling period 7, = 75us. First, the estimation algorithm estimates
the capacitor voltages using the methodology explained in Sec-
tions 3.1 and 4. Next, the output current controller calculates
the output voltage level to regulate the output current. The cur-
rent controller is based on a finite control set model predictive
controller (FCS-MPC) [35]. To find the voltage level needed for
the output current regulation, we calculate, one step ahead, the
output current, considering each available voltage level, as fol-
lows:

Jt1 % Px _L .
0= zg—F e f+§ Sfor J=0,1..,n

an
where Vy, are the available voltages, defined as
.
b, =J f“ Jor =01, 18)

and 17 is the estimated input voltage; 7; is the sampling period
and T = /R is the load constant time. Then, a cost function,

w
w
-

J (@), is defined as the absolute value of the predicted output
current error for each available voltage level

Sk (k1
z:( )I

JG) =it - for  j=01,.,n (19

*(k+1)

where 7, is the reference current. The voltage level that
minimises Equation (19), is selected as the required voltage
level %

Finally, the balancing strategy selects the switching state that
balances the capacitor voltages and ensures the required voltage
level, simultaneously. This strategy uses the capacitor and input
voltages estimates to decide if the capacitor voltages must be
increased or decreased, according to Equation (106). The capac-
itor voltage balancing strategy is based on the redundancy of
switching states and directly provides the control signals for
the FCMC [28]. Note that the switching frequency is variable,
but the estimation process is executed periodically at a sam-
pling frequency of f, =1/7.. This simplifies the estimation
process because for calculating the @ priori capacitor voltages,
using Equation (7), Az is always equal to 7. When modulation
schemes are used, the switching frequency is constant; how-
ever, the duty cycle and the duration of the switching states
are variable, which imposes some restrictions on the estimation
scheme. In this case, it is necessary to use a sampling frequency
much higher than the commutation frequency to prevent the
loss of data when the duration of the switching states is small.
However, for some duty cycles, there will be some switching
states that can not be detected in detriment of the accuracy.
Also, higher the sampling frequency, more computational power
will be necessary to shorten the algorithm execution time.

It is worth to mention that with the used balancing strategy
[28], the maximum voltage ripple in the capacitors is given by

AV, = 2]”‘”’“ T,
cpax C 5

(20)
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FIGURE 4  Block diagram of the test bench system
TABLE 1  Nominal parameters of test bench system erence current, 7, is defined as a sinusoidal waveform with a dc
Parameter Value offset
Number of commutation cells, # 8 Z;k =44+35 Sin(COt)A
Flying capacitance, C’ 390 ut”
C nominal equivalent series resistance, 2SR 2.4 mQ where w = 27Tf with f = GOH% First, we show results using
Load resistance, R 1260 direct measurements of the capacitor and input voltages, assum-
ing measurements without noise. Figure 5 shows the input volt-
Load inductance, 1. 3.6 mH g v K W v gu W .pu v
age and capacitor voltages measurements. The capacitor volt-
Input voltage /¢ 100 17 luti P . .
ages evolution is in a quasi-balanced manner as required for
Sampling period, Az 75 ps proper and safe converter operation. Figure 6 shows the output

where ]‘),Max >

capacitance value and the sampling time, respectively.

C and 7; are the maximum output current, the

6 | SIMULATION RESULTS

In this section, we present simulation results to evaluate the per-
formance of the proposed estimation algotithm. The nominal
parameters of the test bench system ate given in Table 1.The
software Matlab/Simulink is used to simulate the system, where
the power converter simulation uses a time-step of 1ys and the
estimation algorithm, output current controller and capacitor
balancing strategy are executed sequentially each 75us. The ref-

voltage and current and their respective total harmonic distor-
tion (THD); also the current tracking error is shown, where we
can observe that in steady-state it is about +0.1 A.

Next, we present results using the estimates instead of direct
measurement of the voltages. Figure 7 shows the measured
and estimated capacitor voltages and the estimation error. The
capacitor voltages evolution is similar to the obtained with
direct measurements (see Figure 5). The estimation error is
less than 1V, even if at start-up, it reaches higher values than
in steady-state. However, the capacitor voltages evolution is
quasi-balanced, ensuring the overstress on switches is limited
to safe values. Figure 8 shows the output voltage and current
and its respective THD, which values are practically the same as
those obtained with direct measurements. Regarding the current
tracking error, shown in Figure 8(c), it remains the same as the
obtained with direct measurements.
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Measured capacitor and input voltages
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FIGURE 5 Simulation results using measured voltages: Measured capaci-
tor and input voltages

However, in practice, the measured signals are corrupted by
noise. To study the effect of noise in the system, we have added
white noise to the output voltage and current measurements;
the output voltage measurement noise has a maximum value of
+2V, while for the output current we considered a maximum
noise value of 100 mA.

Figures 9 and 10 show the effect of noisy measurements.
We observe a quasi-balanced capacitor voltages evolution at
start-up, and an estimation error in steady-state of about
+1.5 V —Note that the estimation errors ate calculated using the
measurement of the capacitor voltages without noise. Regard-
ing the THD of the output voltage and current, it is 16.52%
and 2.46%, respectively, and the output current tracking error is
about £0.15A.

Table 2 summarises the obtained tresults, where we have
added an ideal case (first row), where constant voltage sources
replace the capacitors; the voltage sources values are given by
Equation (16). Also, results with an equivalent series resistance
(ESR) of 10 times the nominal value are shown in the last row.

7 | EXPERIMENTAL RESULTS
AND DISCUSSION

In this section, we present the results obtained in a 9-level fly-
ing capacitor chopper. Figure 4 shows the block diagram of the
experimental test system and Fig. 11 shows the 9-level FCMC
laboratory prototype. The experimental system consists of a
9-level flying capacitor converter, a variable 4 voltage source,
voltage and current transducers, a function generator and a
dSPACE 1104 control board. The nominal parameters of the
experimental system are given in Table 1. For the experimental
test, we use an amplitude modulated dc biased sinusoidal at 60
Hz. The reason behind this choice is to test the estimation algo-
rithm with a variable output current, which at some intervals
will need only a reduced number of voltage levels.

Output voltage

Output voltage [V]
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Time [s]
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Output current
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Output current tracking error

+-01A

Output current tracking error [A]

0.1 0.15 0.2
Time [s]

(©)

FIGURE 6 Simulation results using measured voltages. (a) Output voltage.
(b) Output current. (c) Output current tracking error

The dr voltage source is connected to the converter input;
the function generator provides the output current reference;
the control board (dSPACE 1104) receives measurements of
the output voltage and current, and executes the estimation and
control algorithms each 75 Ws. First, the capacitor voltages are
estimated, then, the output current regulation loop calculates
the required voltage level and finally, the capacitor voltages bal-
ance algorithm takes place, generating the control signals for the
converter switches.
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FIGURE 7 Simulation results using estimated voltages. (a) Measured
(black) and estimated (red) capacitor voltages. (b) Estimation errors

7.1 | Steady-state performance

In this test, we evaluate the performance of the estimation
scheme in steady-state. For that purpose, we compare the mea-
sured capacitor voltages with the estimated voltages. Note that
the measured values are corrupted by noise, with maximum val-
ues of about +2.0 V. Furthermore, we investigate the perfor-
mance of the capacitors balance algorithm, which uses the esti-
mates of the capacitor voltages. The capacitor voltage references
are given by (106), where in the test bench ¢ is replaced by its
estimate, 17, resulting in

_ Vbe
n

J =1, (n=1). 1)

5

v

Vi

If the capacitor voltages are in accordance with Equation (21),

the off-state switch voltages are given by

Ve

n

v R/

(22)

Output current tracking error [A]
w

0 0.05 0.1 0.15 0.2
Time [s]

(©)

FIGURE 8 Simulation results using estimated voltages. (a) Output voltage.
(b) Output current. (c) Output current tracking error

and the output voltage is composed of discrete voltage levels,
where the magnitude of each discrete voltage levels is given by

i
Vijser = 7[ (23)

Figure 12 shows the converter output variables (top) and
its zoomed view (bottom). The upper trace shows the output
voltage, which is composed of equal magnitude discrete volt-
age levels. In one hand, this is possible only if the capacitor
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Measured (black) and Estimated (red) voltages
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FIGURE 9 Simulation results using noisy measurements. (a) Measured

(black) and estimated (red) capacitor voltages. (b) Estimation errors

TABLE 2  Performance indexes for different test conditions

Test condition THDy, [%] THD;[%] e, [V] ¢;[A]
Ideal case 15.9 2.1 - +0.1

w/Measurements 15.9 2.1 0.2 +0.1

w/Estimates 16.0 2.2 0.2 +0.1

Noisy measurements 16.5 25 1.5 +0.2
10X ESR 16.6 2.5 1.5 +0.2

THD, Output voltage THDTHD;Output current 77/De, Capacitor voltages estimation
error ¢;Output current tracking error
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voltages are correctly balanced, as defined in Equation (21). On
the other hand, the balance of the capacitor voltages is possi-
ble only if the capacitor voltages are accurately estimated. Addi-
tionally, the middle trace shows the output current, and the bot-
tom trace shows the output current error. Note that the output
current is an amplitude modulated waveform. This is intended

2 . . ‘
0 0.05 0.1 0.15 0.2
Time [s]
©
FIGURE 10 Simulation results using noisy measurements. (a) Output volt-

age. (b) Output current. (c) Output current tracking error
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FIGURE 11 FCMC: 9-level laboratory prototype

to test the estimation scheme with output voltages that contain
all or only some of voltage levels. The output current error is
bounded around +0.2.4, as observed in the bottom trace of
Figure 12, indicating that the current control loop is also opet-
ating correctly. This initial test shows the excellent performance
of the estimation scheme and demonstrates its potentiality in a
real application.

Following, we show further results to evaluate the perfor-
mance of the estimation scheme in steady-state. Figure 13 shows
the estimated capacitor voltages and the estimation errors. As
shown, the estimated and measured voltages are very close.
Note that the measured and estimated values used to compute
the errors have noise introduced by the measurement process,
causing to observe a high-frequency component in the errors.
Also, note that the input voltage has a low-frequency ripply,
which is due to the output current variation. But its estimate is
in concordance with the measured value. Furthermore, Table 3
shows the average voltage and maximum voltage ripple, Al7
of the estimated and measured voltages; the theoretical maxi-
mum voltage ripple is given by Equation (20). As shown, the
estimated and measured values are similar; the average values
of the estimated and measured voltages are both in close con-
cordance with the value defined in Equation (21), which con-
firms the good performance of the estimation scheme. Regard-
ing the maximum observed voltage ripple, if we consider the
noise introduced by the measuring process, it is also according
to the theoretical value.

7.2 | Petformance at start-up

In this test, we evaluate the performance of the estimation dur-
ing the start-up process. During the start-up process, the input
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FIGURE 12  Converter output variables. (a) Normal view: (top trace) Out-
put voltage 20 V/div, (middle trace) output current 5 A/div and (bottom trace)
output current error 5 A/div. (b) Zoomed view

voltage, ¢, changes from zero to its steady-state value. The
main objective is to keep the gff-state switch voltages at safe
values, eliminating possible overstress on the semi-conductor
switches. In this sense, the implemented closed-loop balanc-
ing strategy uses the estimated voltages to generate the con-
trol signals that ensure the balance of the capacitor voltages.
Therefore, the estimation scheme must provide accurate esti-
mates to keep the balance of the capacitor voltages, ensuring
the safe operation of the converter switches during the start-up
process.

Figure 14 shows the response of the system during the start-
up process. The top window shows the estimated and measured
capacitor voltages —when the input voltage starts to rise, the
estimation errors are higher, but the capacitor voltages reach
their desired equalised values in a quasi-balanced manner, at
t & 0.25— (see the middle window in Figure 14). The estima-
tion error is higher when some of the capacitor voltages have
the same value. Indeed, the converter model is valid only when
v < U, ., < 1, If this is not the case, the estimation scheme
is not able to accurately estimate the capacitor voltages.

The bottom window of Figure 14 shows the gff-state switch
voltages. The voltage of the switches reaches its required value,
as defined by Equation (22), at about 0.2 s. Note that in this
test, no particular procedure has been considered in the closed-
loop balancing strategy to start-up the converter. The same
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closed-loop balancing strategy operates during the start-up pro-
cess and in steady state. 60 ]
=
(o)
. g 40 1
7.3 | Petformance under an input voltage S ,
:
change /
In this test, we evaluate the performance of the estimation cikiinhih i
scheme when the input voltage changes its value (it is increased 1
or decreased) from a given steady-state value. In such events, the
balance strategy, that uses the estimates of the capacitor volt- g v o o v Py s
ages, must properly operate to prevent overstress of the con- ' ‘ Time [s] ‘ . ‘
verter switches. Especially during the voltage rise, the correct (e

capacitor voltages balance ensures the gff-state switch voltages
at secure values. Also, if an external control loop uses the esti-
mated voltages, then an accurate estimation is desired to min-
imise the effect of these transients on the external control loop.

Figure 15 shows the response of the system when the input
voltage decreases from 100 V to 70 V, and then it returns to its

FIGURE 14  Performance at start-up. (a) Estimated (blue) and measured
(black) capacitor voltages. (b) Estimation errors. (c) Input voltage and switch
OFF voltages
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TABLE 3  Estimated and measured voltages: Average voltage and
maximum voltage ripple (Al7, ) at each capacitor

Average
Voltage voltage [V] AV, V]
A 124 238
”, 12,5 53
b, 25.1 3.2
v, 25.2 5.3
Dy 377 3.6
Ve 377 6.3
7, 50.3 3.7
", 50.4 53
. 62.9 42
v 63.0 63
B 74.7 5.1
Vs 75.0 6.3
b, 87.4 5.4
v, 87.8 6.8
o 99.5 5.6
v, 100.1 6.8

steady-state value of 100 V. At Figure 15(a), the input voltage,
the estimation errors and the off-state switch voltages are shown
at the top, middle and bottom traces, respectively. The estima-
tion errors during the transients are similar to the steady-state
errors, meaning that the estimation scheme can accurately esti-
mate the voltages of the capacitors under this type of transients.
We notice a small increase in the gff-state voltage of the switches,
which means that the capacitor voltages are slightly unbalanced.
This unbalance happens because the output current during the
transient has a small value. A small output current limits the
voltage dynamics, preventing to accurately follow the input volt-
age dynamics according to Equation (21). Nevertheless, the
accuracy of the capacitor voltages estimation is practically the
same as in steady-state. Notice that unlike what happened in
the start-up transient, in this case, the estimates of the capacitor
voltages are accurate. This accuracy is possible because the volt-
ages of the capacitors are such that v,y < 2,,...,< 7,
the validity of the used model.

Furthermore, Figure 15(b) shows the output current, which

ensuring

remains regulated as long as there is enough voltage for its con-
trol; otherwise, the control strategy will use the maximum avail-
able voltage to ensure the minimum possible error in the output
current. These results confirm the excellent performance of the
estimation scheme when a transient occurs in the input voltage.

7.4 | Performance with uncertain parameters
In this test, we evaluate the performance of the estimation
scheme when the capacitance values are uncertain. Indeed, the
actual capacitors in the laboratory prototype have nominal tol-
erance of +10%.
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FIGURE 15 Performance under an input voltage change. (a) Top window:
Input voltage; middle window: Capacitor voltage estimation errors; bottom win-
dow: Switch voltages. (b) Top window: Input and output voltages; middle win-
dow: Current reference (blue) and output current (black); Lower window: Out-
put current error

In a first test, a capacitance of 300 W/ is assumed, while the
nominal value is 390 /. Figure 16, shows the estimated capac-
itor voltages and the estimation errors, and Table 4 shows the
average voltage and the maximum voltage ripple of each capac-
itor voltage. Both measured and estimated values are similar,
which means that estimated values are as good as the measure-
ments even if the assumed capacitance values are only 77% of
the nominal values. The estimation errors are small, ensuring
an accurate balance of the capacitor voltages, as shown in the
top window of Figure 16. Moreover, data in Table 4 shows that
the average capacitor voltages (measured values) are accurately
regulated according to Equation (21).

In a second test, the capacitance values are 15% higher
than the nominal values (ie., C' = 1.15C),, = 450uF). Fig-
ure 17 shows the estimated capacitor voltages and the estima-
tion errors, and Table 5 shows the average voltages and the
maximum voltage ripple of the estimated and measured volt-
ages. The mean values of the capacitor voltages are according to
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FIGURE 16 Uncertain capacitance, C' = 0.77C),,,,. (a) Measured (black)
and estimated (blue) capacitor voltages. (b) Estimation errors

TABLE 4  Estimated and measured voltages with uncertain capacitance,
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FIGURE 17 Uncertain capacitance, C' = 1.15C,,,,,. (a) Measured (black)
and estimated (blue) capacitor voltages. (b) Estimation errors

TABLE 5 Measured and estimated capacitor voltages with uncertain
capacitance, C' = 1.15C,,: Average voltage and maximum voltage ripple

C = 0.77C,,,: Average voltage and maximum voltage ripple (AL, ) Aar,,.)

Average Average
Voltage voltage [V] AV, V] Voltages voltage [V] AV, V1
i, 124 3.2 i, 12.4 28
", 125 53 v, 125 73
i, 25.1 4.1 i 25.0 2.6
v, 25.0 5.8 v, 25.1 5.8
i 37.7 4.2 P 37.7 33
7, 37.6 58 v 37.9 5.8
i, 50.5 44 i, 50.3 3.9
v, 50.4 5.8 v 50.6 63
B 627 49 B 62.5 42
Vs 62.4 6.8 Vs 62.9 5.8
B 754 5.4 P 75.5 39
. 75.2 63 » 76.0 63
%, 87.8 6.9 i, 88.3 438
V) 87.7 7.3 vy, 88.9 7.3
Dy 100.7 5.6 Dy 100.5 4.3
vy 100.8 7.8 " 101.4 63
Equation (21), which means that the estimated values are accu- 7.5 | Assessment of the computational
rate. Moreover, considering the measurement noise, the voltage burden

ripples are in concordance with Equation (20), which defines
the maximum voltage ripple in the capacitors.

The results presented in this section show that the estimation
scheme tolerates uncertainties in the capacitance values. Indeed,
the small errors introduced by the uncertainties are corrected at
each sampling period, which prevents the errors from accumu-
lating, as would happen in an open-loop scheme.

The computational burden account for the number of arith-
metic or logic operations needed to implement the estimation
algorithm. In this sense, the proposed algorithm requires about
48 sum operations and 42 multiplications to estimate eight volt-
ages. We could say that for # estimates the number of additions
and multiplications is given approximately by (6 X #) operations,
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which is a low computational burden. Moreover, in terms of
execution time the computational burden is determined by the
processor speed.

8 | CONCLUSION

In this paper, an estimation scheme for the capacitor voltages in
FCMC is introduced and experimentally tested in a 9-level lab-
oratory prototype. The scheme is based on a system of 7 + 1
linear equations where the unknowns are the capacitor voltages.
The first equation models the output voltage measurement as
a linear combination of the actual capacitor voltages; the fol-
lowing # equations hold the information of the open-loop esti-
mates. This approach allows estimating the capacitor voltages
and input voltage at each sampling time. Indeed, the approxi-
mate solution of the system gives the best estimates of the volt-
ages in the sense of least-squares-errors. Also, the solution is
unique because the design matrix always has full column rank.
Additionally, because the design matrix is sparse, it is possible
to have explicit equations for each estimate. The resulting equa-
tions are simple, without any adjustable parameter. The only
system parameter needed for the estimation is the capacitance
value, but its impact in the estimate precision is low.

Furthermore, the estimation scheme was incorporated into
a closed-loop control to regulate the output current and the
capacitor voltages—the estimates of the capacitor voltages are
used by the current regulation controller and by the capaci-
tor voltages balance strategy. The obtained results confirm the
excellent performance of the estimation scheme under differ-
ent operating conditions (i.e. transient state, steady-state, and
uncertain capacitance values). The obtained results show that
the estimates can be used instead of direct measurements, sav-
ing the cost and design efforts, simplifying the hardware system,
which is very attractive when the number of levels is high.

Finally, its simplicity and low computational burden make
feasible its use in multilevel converters with a large number of
capacitors. It allows using only one voltage sensor instead of #
physical sensors, which is especially attractive when the number
of required levels is high.
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