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Abstract. Nowadays, three-phase inverters are playing an in-
creasingly important role in various applications, such as drives,
solar systems, energy storage systems. The commonly used PI
current control method in the d-q coordinate system satisfies the
requirements of most of the cases. However, in some specific ap-
plications, such as a grid-connected inverter for an energy stor-
age system, the PI controller response time may not be sufficient
to meet the criteria. This paper describes the application of the
PCMC (Peak Current Mode Control) control technique, which is
commonly used for DC-DC converters, and applies it to the case
of three-phase two-level inverters. Advantages and disadvantages
of PCMC compared to a conventional PI control solution are pre-
sented, and the performance of the two control techniques is com-
pared for a grid connected energy storage inverter.
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1. Introduction

The growing environmental awareness has led to an in-
creasing adoption of household solar systems connected to
the grid. However, the variable energy output from these
systems poses challenges, necessitating the implementa-
tion of energy storage solutions to maintain grid stabil-
ity. To tackle this issue, integrating battery packs via grid-
connected inverters emerges as a straightforward and effec-
tive strategy for enhancing grid performance. These invert-
ers manage the flow of energy between the grid and stor-
age, ensuring stability during fluctuations and bridging gaps
when solar generation fails.

Beyond the existing control demands for the inverter’s
power regulation, grid-connected inverters have to meet
high standards. These requirements include the manage-
ment of voltage fluctuations within the grid and the han-
dling of possible short circuits. Taking these requirements
into account, the block diagram shown in Figure 1 has been
created, which shows the energy storage system with bat-
tery packs and the grid-connected inverter. The inverter
receives its input DC voltage from a high-voltage (720 V)
battery pack through a DC filter and a disconnection switch.
The output voltages are directly connected to the phase in-
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ductances and then wired back to the midpoint of the DC
link midpoint through capacitors. This design effectively
helps meet EMC standards by reducing high-frequency
noise. The AC output of the inverter passes through an
AC filter and an AC switch, which allows the disconnec-
tion from the grid when necessary [1].

Inverter
DC

AC

Fig. 1. The block diagram of the grid-connected energy storage
system

In case of three-phase grid-connected inverters, a com-
monly used control method involves using PI current reg-
ulators within the d-q coordinate system. In this setup, the
currents aligned with the d and q directions correspond to
the active and reactive components of the grid’s current.
Thus, this arrangement allows for straightforward control
of both active and reactive power on the grid. However,
when dealing with energy storage inverters, an additional
requirement arises: these inverters must not shut down with
overcurrent faults caused by short circuits or voltage drops
on the grid. Achieving this criterion is challenging, even
with a well-tuned PI controller. If the regulator fails to re-
spond immediately to such events, unintended high current
diagnostics may be triggered, leading to the activation of
the inverter’s protection functions and shutdown [2].

One promising approach could be the utilization of Peak
Current Mode Control (PCMC), commonly used in DC-DC
converters. By applying PCMC to a grid-connected three-
phase inverter within energy storage systems, these high
requirements could be efficiently handled. To be specific,
with carefully tuned slope compensation, the PCMC con-
troller achieves a fast response (within a single switching
period) to possible voltage drops on the grid. Furthermore,
grid-connected inverters may resonate with other unidenti-
fied grid elements, but this resonance can also be avoided
by using PCMC control [3][4].



2. Peak Current Mode Control

The Peak Current Mode Control (PCMC) is an improved
version of the two-point regulator whose significant advan-
tage lies in its ability to rapidly achieve the desired current
value by providing the highest possible voltage. However,
the two-point regulator has drawbacks due to its variable
switching frequency. To address these limitations, the Peak
Current Mode Control (PCMC) was developed. PCMC
maintains a constant switching frequency, resulting in im-
proved performance [5].

PCMC also introduces a damping effect at high frequen-
cies. This occurs because an increase in current leads to
a reduction in duty ratio, resulting in a decrease in the av-
erage output voltage of the inverter. The actual simulated
resistance value, which is influenced by various factors, is
positive. The upper frequency limit for resistance emu-
lation is determined not by the converter’s switching fre-
quency but by the delays introduced by the control loop.
This loop includes components such as the analog current
sensor, analog comparator, digital logic, gate drive electron-
ics, and switching transistor delay.

Implementing PCMC for three-phase inverters presents
challenges due to the complex waveforms. In typical 3-
phase, 2-level inverters with a floating star point on the AC
side capacitor bank, each phase current waveform has four
breakpoints per period. These breakpoints occur because
of the high-frequency voltage between the capacitor bank’s
star point and the DC-link. However, in topologies where
the AC side capacitor bank star point is connected to the DC
link, the four breakpoints in the current waveform can be re-
duced to two. As a result, the phase current waveforms take
on a triangular shape, and their high-frequency components
become independent from each other. The drawback of this
approach is that it requires large capacitors, which drives
up equipment costs. However, for our specific scenario in-
volving only a few units for the energy storage systems, it
remains feasible due to its straightforward implementation

[6][7].
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Fig. 2. Simplified circuit of the system

At the core of PCMC implementation, there is an RS flip-
flop with a fixed-period pulse signal at its set input. When
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the pulse is triggered, the flip-flop output sets the two-
position switch (S) to UQC , applying a positive voltage to the
output. As a result, i; inductance current increases until the
measured current (ijeqs) Te€aches the reference (i.r). The
comparator output then enters a logic high state, causing
the RS flip-flop to switch the two-position switch to — %
leading to a decrease in current until the next pulse is re-
ceived from the oscillator. This cyclic process repeats pe-
riodically [8]. Figure 2 shows the simplified circuit of the
system for one phase, where the inverter is considered as an
ideal two-position switch [9][10].

A. Slope compensation

Peak Current-Mode Control (PCMC) remains stable with-
out any adjustments as long as the output voltage (Uc) re-
mains below half of the DC link voltage (Up¢). To expand
the stability range in terms of voltage, slope compensation
is usually applied. The fundamental idea behind slope com-
pensation is to gradually decrease the reference current lin-
early from the start of each switching period [11]. This
concept is illustrated in Figure 3 with yellow.
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Fig. 3. Output voltage and current levels of slope compensated
PCMC

Slope compensation not only extends the operating range
but also has the advantage of significantly reducing the con-
troller’s response time. When properly adjusted, the con-
troller can react in as short time as one switching period
[12] [13]. Referring to Figure 2 and Figure 3, the output
voltage values correspond to the two switch positions are
U, = % —Uc and Up = —% — Uc. The correct slope
compensation requires adjustments to both the initial value
and the slope itself. The initial value (i,. ) can be expressed
using the following equation:
di
* dt) ’

From this, the value of the current at the end of the switch-
ing period (i,) can be determined by the formula

diref
dt

irefo - iO =TIon <_ (1)

di _ Uy direy
where 7> = and

o is the slope.
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where the peak current is
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By rearranging Equation (2) and substituting Equation (3),
i, can be expressed in a form (Equation (4)) where it is
clear that i, becomes independent of iy when the appro-
priate slope is chosen. This implies that the value of the
current at the end of the switching period is independent of
the value at the beginning of the switching period, which is
the end of the previous switching.

d’;e/ _ U0 U, di;ef _U

s t L Y2 s t L

le = lrefy 1+7diref+ﬂ JrLT Jiiierg’O
dt L dt L

“4)

The correct slope value for the independence of iy, in which
case the response of the controller can be as fast as only
one switching period, can be calculated from the following

equation:
Upc 1
— == U —
(5 w)r

so the slope of the reference current is equal to the slope of
the current in the off state.

dires _ U _
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3. Simulation

To validate the functionality of the PCMC for a three-phase,
two-level grid-connected inverter, a system plant model and
control scheme was created using MATLAB Simulink. The
system model includes components such as the DC bus
(representing the battery pack), the inverter model, and the
grid model with the grid filter. Within this model, grid volt-
age fluctuations can easily be simulated to test the response
time of the PCMC control.

In the control subsystem, both the described PCMC current
control structure and a more general PI control solution was
implemented in parallel. To facilitate comparison, the ref-
erence inputs for both controllers are derived from ig,,, and

ig,, ; reference current values, which are transformed back
into phase values for the PCMC version.

A. PCMC

In the PCMC implementation discussed in Section 2., a
fixed-period pulse signal is connected to the set input of the
RS flip-flop. However, in this scenario, the resulting PWM
signals are not center-aligned. Therefore, this implementa-
tion is not utilized in the simulation. Instead, a PWM signal
is generated conventionally using a triangular carrier signal
with third harmonic injection modulation. This resulting
PWM signal serves as the turn-off signal for the PCMC.
The turn-on event is triggered by the sign change of the
difference between the measured current and the reference
current. The achieved final PWM signal is center-aligned.

In the simulation, slope compensation is applied as de-
scribed in Section 2.A. While at simulation level, know-
ing the grid parameters, both the inductance of the system
and the compensation slope can be accurately determined.
However, in reality, this determination relies on measure-
ments. By realizing multiple measurements on the current
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within a switching period, its slope can be calculated, en-
abling the determination of the inductance value for the op-
timal slope value, that ensures the fastest possible controller
response time. Figure 4 shows the simulation results using
the PCMC controller and Table I contains the simulation
parameters.

fgrid =50Hz
fswitching =6kHz
Upc =650V
I, = 2204
I, =504
Lgyia = 40.41 uH
Ugria =230- V2V

Table 1. Parameters of the PCMC simulation
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Fig. 4. Measured and reference phase current results of the PCMC
simulation

Figure 5 shows the reference current, the slope-
compensated reference current and the measured current in
a zoomed view. It can be clearly seen that the slope of the
compensation equals to the slope of the measured current
in the off state.
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Fig. 5. Measured, reference and compensated reference phase cur-
rent of the PCMC simulation

B. PI Current Control

The more general controller, designed within the d-q coor-
dinate system, uses a digital PI current controller for both



the I; and I, currents. The tuning and implementation of
the digital control loop followed the procedure described
in [14]. To achieve a control response with a small over-
shoot, a phase margin of 60 degrees was chosen, with the
remaining phase distributed between the loop delay and the
PI controller in a 2/3 and 1/3 ratio.

The controller outputs are Uy and U, voltages, which are
then transformed back into phase values. A third harmonic
injection is applied to this transformed three-phase voltage
system, ensuring the maximum YUnc voltage output of the

V3
inverter. By dividing this modulated voltage by the DC

voltage, we get duty cycles, which can be used to easily
generate PWM signals using a triangle carrier.

Connecting the AC side capacitor bank star point to the DC
link allows zero-order current to flow through the inverter,
so relying only on simple d and q direction current control
is not sufficient for stability, as the first chart of Figure 6
also shows. To suppress this, a virtual zero-sequence re-
sistor (Ry = 0.3 Q) is introduced into the regulator. The
calculated voltage from the measured zero-sequence cur-
rent and Ry is subtracted from the reference voltages of the
PWM modulators, along with third harmonic injection. As
a result, the system achieves stability, and the phase cur-
rents follow the reference currents, as demonstrated in the
lower chart of Figure 6. The simulation of the implemented
controller uses the parameters outlined in Table 1.
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Fig. 6. Phase currents with PI controller without and with zero-
order resistance.

In case of the PI current controller, it can be seen that the
initial transients in the simulation settle more slowly than
in the PCMC case.

C. Comparison

Both controllers operate with switching frequency (6 kHz).
They are triggered precisely at the lower peaks of the car-
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rier triangle signal, which correspond to the current mea-
surement. This timing is crucial because it allows sampling
of the current at the middle of its ripple, ensuring regula-
tion to the desired average value. That is why the creation
of center-aligned PWM signals for PCMC was essential.
Additionally, the controller outputs are initially stored in a
shadow register, simulating the behaviour of a real micro-
processor.

After verifying that both controllers operate optimally un-
der ideal conditions, the next step is to test how quickly
they react to potential grid voltage fluctuations. To evaluate
this test, the peak voltage value of the grid model was mul-
tiplied by a modifying signal. This signal jumps from 1 to
0.7 in 1 ms, simulating a 30 % voltage drop.

As demonstrated in the previous section, the PI controller
version reacts significantly slower to transient events. As
shown in Figure 7, the current approximately doubles from
the original peak value of 225.6 A because of the applied
30 % voltage drop on the grid. In contrast, the PCMC con-
troller solution shows a more moderate increase of approx-
imately 40 A under the same circumstances. The difference
between the two methods can also be seen in the d-q trans-
formed currents (Figure 8).
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Fig. 7. Response of the two control approach to 30 % grid voltage
drop
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Fig. 8. Response of the two control approach to 30 % grid voltage
drop

This current difference may affect the operation of a grid-
connected inverter in an energy storage system, as it may be
the case that the inverter controlled by the PCMC does not
turn off due to an overcurrent fault, while the more general
PI controlled inverter does. Note, that the studied PI con-
troller does not contain feed-forward component with the
capacitor voltage. Applying feed-forward term can speed
up the PI control behaviour, but at the same time it could
increase the chance of instability due to additional harmon-
ics at the grid side.

4. Conclusions

This paper explores the utilization of PCMC (Peak Cur-
rent Mode Control) in case of three-phase two-level grid-
connected inverters. While this controller is typically as-
sociated with DC-DC converters, it also finds relevance in
special inverter applications, such as the discussed energy
storage system . Its implementation costs extra, since it
requires large capacitors through which the AC output is
connected to the DC link. This design ensures compliance
with EMC conditions. Despite its implementation cost, the
PCMC controller becomes essential in certain situations
where the more common PI regulator inverter might dis-
connect from the grid due to grid voltage fluctuations. Fur-
thermore, the use of PCMC acts as a damping resistor at
high frequencies, thus preventing other unknown elements
in the network from causing resonance.
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