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Abstract—The Peak Current Control is a strategy widely
used to control devices such as forward converters or two-
level choppers. This strategy provides an imposed switching
frequency of the output voltage and good dynamic
performances. This paper presents the application of this
strategy to a multilevel voltage source converter. An
algorithm controls the level of the output voltage in such a
way that the output current follows its reference. The
principle of operation is introduced, and the implementation
of the algorithm within a FPGA is demonstrated. Finally, the
experimental results are presented.

Index Terms—Peak Current Control, multi-cell convert-
ers, FPGA.

I. INTRODUCTION

A large number of applications require controlled
alternative current sources. such as the harmonic current
compensation or the supply of AC motors. For those
applications. a voltage source converter can be connected
to an inductance. and its output current must be controlled.
Many control strategies have been developed to ensure the
control of the output current. The first one can be the
hysteresis control which imposes the load current ripple,
but produces a non-controlled switching frequency. Many
alternatives can be found with this strategy [1.2.5]. Some
of them allow to set the switching frequency. by
modulating the hysteresis bandwidth. Some others have
been developed for controlling multilevel converters [2].
The second strategy is the Peak Current Control (P.C.C.).
that enables a fixed switching frequency, but generates a
static error. This strategy was only designed for two-level
converters. In this paper. we generalize this strategy to
multilevel flving capacitor converters (choppers or
inverters). An algorithm selects the right level of the
output voltage of the multilevel converter. An other one
chooses the cell which has to commute. and generates the
switching orders. The second part introduces these two
algorithms. The third part shows the implementation of the
algorithms within a Field Programmable Gate Array
(FPGA). The fourth part presents the experimental results.

II. PRINCIPLE OF THE P.C.C STRATEGY APPLIED TO
MULTI-CELL CONVERTERS

The multilevel control strategy presented in this paper is
inspired by the peak current control in the case of a two-
level chopper. In this case, the converter is composed of a
power semiconductor which can be turned on or turned off.

A free wheel diode ensures the continuity of the load
current when the controlled switch is off. The switching
frequency is set by a fixed clock. Each rising edge of the
clock signal turns on the power switch. The output voltage
becomes high, therefore the load current (noted ijoad)
increases. When 1i,.,4 reaches the reference current (i.p). the
power switch is turned off. and the load current decreases.
A compensating ramp is added to i to avoid instability of
the output current for duty cycle values greater than 1/2
[3].

The Peak Current Control strategy can be generalized to
multilevel converters. and in particular to multi-cell
converters. In this case. two compensating ramps are
required. as shown in Fig. 1.
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Fig. 1: Two compensating ramps are used when
controlling a multilevel converter.

The two saw-teeth are synchronised by the same clock
signal. and they are the opposite one of the other. Those
ramps are intended to avoid limit cycles on the output
voltage. The first one, added to the reference current (i)
gives the higher current reference (iref nign). Whereas the
second one gives the lower current reference (iref jow). In
the case of a three-cell converter. the clock frequency is
chosen equal to three times the desired switching
frequency of the power semiconductors.

The peak current control strategy of the multilevel
converter is divided into two blocks, as shown in Fig. 2.
Within the first block, an algorithm determines the level of
the output voltage needed to make )55 follow i.s. Then, the
second block generates the switching orders in such a way
that V,, becomes exactly the same as its reference given by
the first block. The two following paragraphs present the
algorithms implemented within the two blocks.
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Fig. 2: Global view of the PCC strategy applied to a three-level flving capacitor inverter.

A. First block: Control algorithm of the output voltage

The algorithm within the first block controls the level
of the output voltage. Its input signals are the clock. the
measured load current and the two current references
(iref low and iref nign). (see Fig. 2). This algorithm can
change the level of the output voltage either on a rising
edge of the clock signal (CLK). or when ij,,q Crosses a
current reference (iref jow OF lref nign). The beginning of
each clock period is defined by the rising edge of CLK.
At this time, three cases can occur:
®  If ijoeq is lower than i i and if the output voltage

is not maximum, then the algorithm requests a one
level increase of the output voltage.

®  Ifijgaq is higher than i pgh. and if the output voltage
is not minimum. then the algorithm requests a one
level decrease of the output voltage.

o If ijsq is higher than iref 10w and lower than iref nigh.
then the change of the output voltage depends on the
previous edge of V., If this previous edge was
falling. then a one level increase is applied upon
Vou. If the previous edge was rising, then a one
level decrease is applied.

When i,,q crosses a current reference (irefjow OF
iref nign). the level of the output voltage can also be
changed. However, some conditions are required. In
particular. the PCC algorithm generates a signal called
“crossing_test”. This signal avoids multiple switches of
Vou per clock period. It is set to zero on the beginning of
each clock period. As long as crossing_test remains
equal to zero, the level of V,, can be changed when 15,4
crosses a current reference. On the first change of V.
the flag crossing_test is set to one. After that, the level of

the output voltage remains constant until the next rising
edge of the clock signal.
When ij,,q Crosses irr pgn. three conditions are
required for a one level decrease of the output voltage.
e The output voltage must not be at its minimum
level.
® g has to Cross ief nign upwards. Just before the
crossing, the slope of i,,q must be greater than
the slope of iref_high.
e The flag crossing_test must be equal to zero.
When ijgaq Crosses iefiow. three conditions are
required for a one level increase of the output voltage.
e The output voltage must not be at its maximum
level.
®  ligag has 1o Cross ieriow downwards. Just before
the crossing. the slope of ij,,¢ must be lower than
the slope of irer jow-
e The flag crossing_test must be equal to zero.

B. Second block: balancing of the floating voltages

The multi-cell structure is made of floating capacitors
whose voltages have to be balanced. Fig. 3 shows the
example of a three-cell chopper. In this example. the two
floating voltages must be maintained at their correct
values: V. should be equal to Vyp/3 and V. to
2*¥Vguppi/3. The algorithm within the second block of
Fig. 2 generates the switching orders in such a way that
Vou 18 exactly the same as its reference given by the first
block. When a change of level is requested by block 1,
the second algorithm selects among the three cells the
one which has to switch. This choice is made according
to the value of V.; and V., This algorithm intended to
balance the floating voltages was introduced in [7].
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Fig. 3: Example of a multi-cell converter:
the three-cell chopper.

We define each cell voltage as the difference between
two consecutive floating voltages:

Vo= 1o (for i=1.2.3) (I

with 1 .= 0 and T .5= V suppn

Balancing the floating voltages is equivalent to
balance the cell voltages. In the case of a three-cell
converter. we should have:

Veerr™ Veettz= Veetts™ 1 suppnd 3. (2)

The table presented in Fig. 4 shows the selection
criterion of the cell by the second algorithm [7].

Changeon Sign of the Select among ...the one whose
the level of V| output current | the cells... oell voltage 1s the ..
Increase (+1) >0 turned of highest

Increase (+1) <0 turned off lowest

Decrease (-1) >0 turned on highest
Decrease (-1) <0 turned on lowest

Fig. 4: Selection of the right cell when a change on the
output voltage is required.

Thanks to the second algorithm. each cell voltage is
rightly balanced at Vgpp,/3. Moreover. when the steady
state is reached. the switches of V., are shared among
the three cells. As a consequence. the switching
frequency of each cell is equal to the third of that of V.

C. Theoretical waveforns

The three-cell converter controlled by the PCC
strategy was simulated. It appears that the output current
can be guided either by lref hgn OF lref jow. When ijguq is
guided by i.f pign. €ach clock period begins with a rising
edge of the output voltage. Svmmetrically. when i), is
guided by 1rf jow. €ach clock period begins with a falling
edge of V,,. None of the two cases is favoured when
controlling a multilevel converter. In that way, one can
observe alternatively phases of 1,4 being guided by
Iref low and phases of 1joaa being guided by lref pgn. Of
course. transitions between those two phases are
possible. and they do occur when the load voltage (Vjoaq)
crosses the intermediate values of V. These transitions
generate jumps on the load current, as shown on Fig. 5.

However. these jumps can be cancelled by adding
another external loop to the structure shown on Fig. 2.
Fig. 6 shows the simulated response of the controlled
device to a step of the current reference. The response
time depends on the amplitude of the step. In the
simulation result presented on Fig. 6. this amplitude is
great. and the response time is maximum. However.
even in this case. the response time is lower than six
clock periods. The theoretical waveforms shown on Fig.
6 demonstrate the good dvnamic performances of the
multicell converter controlled by the peak current control
strategy. The experimental tests will confirm these good
dyvnamic performances.
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Fig. 53: Output voltage and load current obtained with
a sinusoidal reference current. The jumps of the load
current are located by circles.
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Fig. 6: Response to a step of the reference current.

HI. IMPLEMENTATION OF THE CONTROL ALGORITHMS
WITHIN THE FPGA

The PCC strategy was experimentally achieved. with
a three-cell single phase chopper similar to the one
presented on Fig. 3. Fig. 7 shows a global view of the
device. The load current is measured by a current sensor.
afterwards 1t 1s digitalized by a fast Analog to Digital
Converter (named ADC on Fig. 7). The -current
reference is digitally generated by the Digital Signal
Processor (DSP) A quartz oscillator at 16 MHz
generates the clock signal both for the ADC and the
FPGA.
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Fig. 7: Implementation of the Peak Current Control within a FPGA.

Three voltage sensors measure the supply voltage and
the two floating voltages (V. and V..). The calculus of the
three cell voltages (Veen. Veenz and Vig3) is achieved by
two analog subtractors. The analog comparison of V.
Va2 and V3 gives the three logic signals CP;». CP;5 and
CP»;.

Fori and j from 1 to 3 (and i#j).

o IfViy> Vcellj then CPij is high.
o IfV < Vcell_j then CPU is low.

The signals CP;,, CP;; and CP,; are inputs of the
FPGA, as well as the digitalized load current. The
organization of the FPGA is divided into four blocks. as
shown on Fig. 7.

The first block generates the compensating ramp and
the current references i jow and iref pgn. It also compares
the load current tO iref jow and ire nign. The logical signals
too_low and too_high are the result of this comparison.
Fig. 8 shows in detail this first block. An up-down counter
generates the compensating ramp signal, coded on 5 bits.
This signal is added to the digitalized reference current to
Obtain iref high. It is also subtracted from i to ObLaIN iref jow-
To avoid any overflow during the addition and the
subtraction, the ramp signal and the current reference must

both be converted into 9 bits signals. Consequently. ire nign
and irf 10w are also coded on 9 bits. The digitalized load
current is then compared 10 ire high and i jow. giving the
logical signals too_high and too_low. Too_high is equal to
zero so long as ijpaq 1S lower than i pin. and too_high is
equal to one otherwise. In the same way. too_low is equal
to zero so long as ijaq is greater than i jow. and too_low is
equal to one otherwise.

The first block also generates a pulse signal named
‘CLK _begin". This signal sets the switching frequency of
the output voltage. CLK begin is set to one each time the
ramp signal reaches its maximum value (+15). All the rest
of the time. CLK begin is equal to zero. The period of
CLK _begin is 256 times that of the quartz clock signal
(that means the frequency of CLK_begin is 62.5 kHz).

The second block named ‘control of the level of V,,’ on
Fig. 7 contains the Peak Current Control algorithm
presented in the second paragraph. Its input signals are the
comparison signals too_high and too_low. the pulse signal
CLK begin, and the signals SC,, SC, and SC; which
control the state of the 3 commutation cells of the
converter. The second block is synchronized by the clock
signal at 16 MHz. It generates two impulse signals noted



comparison

i 8 ]
load Conversion A .
. too_high
(digitalized) 8 — 9 bits AGB |
i rof 8 B ALB
+ 4 Conversion PR— i
(digitalized) 8 — 9 bits Im L
A#B|rm Vrat_high
comparison
R 9 .| A
Conversion
. ) . Aan AGB
numerical ramp 5 — 9 bits 4 too. low
ALB{ >
B
+15.
o
o9 .
-WBJ WJ
5 . CLK_begin
_ Detection -
Tow=256.T¢ FrZ e — +15 & T J— —_—
Up-down counter jL il
+15 516 c S
Tok=256Tg
Frequency
divider
+8
|
CLOCK signal
(quartz oscillator)
fo= 16 MHz

Fig. 8- Detail of the first block: generation of the current references iref jow and iref pigh.

increase level and decrease level (see Fig. 7). These two
signals are intended to control the changes of the output
voltage level. Each pulse on increase level should produce
a one level increase on the output voltage. On the other
side. each pulse on decrease_level should cause a one level
decrease of V,,, The duration of each pulse is equal to one
period of the clock signal at 16 MHz The second block
also generates the signal crossing test introduced in
paragraph II. Thanks to a Set-Reset flip-flop. each pulse on
the signal CLK_ begin resets crossing_test to zero. When
the conditions for changing the level are met, crossing test
1s set to one. At the same time. an impulse appears on one
of the two signals increase_level or decrease level. Once
the output level 1s changed. increase level and
decrease level are reset to zero until the next pulse on
CLK_begin. The conditions for changing the level of the
output voltage are given by the algorithm presented in
paragraph II.A. The detection of the rising edges of the
logical signals too_high and too low gives the instants at
which the load current Crosses iref pigh and Iref 10w MOreover.
the PCC algorithm needs to know whether the output
voltage level is maximum or minimum. This information is
given by the three inputs SC;. SC> and SCs. Indeed. for
k=1.2.3. SC, controls the state of the k™ commutation cell
(see Fig. 7). If SC,=0. then the top switch of the k™ cell is
turned off. and the bottom switch is turned on. On the
contrary. if SCy=1. then the top switch is ‘on’. and the
bottom switch is ‘off . As a consequence. the minimum
level of V. Is detected when the three signals SC;. SC;

and SC; are equal to zero. In the same way. the maximum
level of Vou is detected when SC;. SC- and SC; are equal
to one.

The third block presented on Fig. 7 generates the
switching orders for the three commutations cells (SC;.
SC- and SCs). When an impulse occurs on one of the two
signals increase_level or decrease level. the third block
selects the cell which has to commutate. according to the
selection table introduced in Fig. 4. An impulse on
increase level means that V,, has to be increased. So the
algorithm chooses a cell whose state signal (SCy) is equal
to zero. On the other hand. on an impulse on
decrease_level. the algorithm changes the state of a cell
whose SCy is equal to one. The selection table is entirely
programmed using logical gates and RS flip-flops. but the
implementation is too complex to be detailed here.

The fourth block named ‘creation of the dead times’
generates the switching orders for the multi-cell converter.
Each commutation cell needs two signals to control the
state of the two switches. The signal which controls the top
switch should be complementary to the one which controls
the bottom switch. except during the dead times. Indeed.
the dead times are necessarv to let the power switches
commutate without creating any short-circuit. During the
dead times. the two signals must be set to zero. To achieve
this operation. the rising edges and the falling edges of
each signal SCy are detected within the fourth block. An
up-down counter begins a countdown on each edge of SC.
Two flip-flops generate the two control signals for each



commutation cell. The enable input of the two flip-flops is
inhibited during the countdown. so the output signals are
set to zero. When the countdown is finished. the two output
signals become again complementary. We can choose the
duration of the dead times by setting the initial value of the
countdown.

IV. EXPERIMENTAL RESULTS

The control algorithms developed for the PCC strategy
have been validated when operating the device. The
experimental results have revealed several points:

e The active balancing of the floating voltages is verv
efficient.

e The PCC strategy generates jumps on the load current
and a static error.

e The dynamic performances obtained with the PCC
strategy are good.

Fig. 9 shows a waveform experimentally obtained with a
low-frequency sinusoidal reference current. and Fig. 10
presents the response to a step of iy
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Fig. 9: Output voltage and load current obtained with a
low-frequency sinusoidal reference current.
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Fig. 10: Response to a step of the reference current.

The experimental results obtained with the PCC strategy
are in conformity with the theoretical forecasts. The jumps

of the load current and the static error clearly appear on the
waveforms presented on Fig. 9. as well as on the
waveforms of Fig 5. The response to a step of i, 1 very
similar on Fig. 10 (experimental waveform) and on Fig. 5
(theoretical waveform). The only difference comes from the
different values of the output inductance. The response
time is shorter on Fig. 10 (3 clock periods) than on Fig. 6
(6 clock periods). because of a lower value of the
inductance.

V. CONCLUSION

A ncw Peak Current Control strategy was tested by
simulation and experimentally achieved. This strategy is
dedicated to multilevel and multi-cell converters. The
experimental achievement of the PCC strategy has shown
that it is possible to implement complex control algorithms
within a FPGA. In order to minimize the delay introduced
by the sampling of i,,a. Such a control strategy has to be
achieved using a very fast Analog to Digital Converter. As
a consequence. the frequency of the quartz oscillator has to
be chosen much higher than the switching frequency of
Vou. Then we obtain a real time control of the load current
. and good dynamic pcrformances.

A further development could consist in canceling the
jumps of i,,,q and the static error introduced by the PCC
strategy. Two external control loops could be added to that
already implemented within the FPGA. So we could finally
obtain a control strategy with an imposed switching
frequency. and with no static crror nor jumps of the load
current.
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