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Annex B: Switch-mode three-phase converters

The input/output to switch-mode converter is assumed to 
be a DC-voltage source, so such converters are referred 
to as voltage-source converters (VSCs). VSCs can be 
split into two macro-categories:
–  Pulse-Witdh Modulated (PWM) – in these converters, 

the DC voltage is kept constant in magnitude, so the 
converter controls the magnitude and the frequency of 
the AC voltages. This is met by PWM of the converter 
switches and hence such converters are called PWM 
converters. There are various schemes to pulse-width 
modulate the inverter switches so as to shape the AC 
voltage to be as close to a sine wave as possible

–  Square-Wave – in these converters, the DC voltage 
is controlled in order to control the magnitude of the 
AC voltage, so the converter has to control only the 
frequency of the AC voltage, whose waveform is similar 
to a square wave and hence these converters are called 
square-wave converters.

B.1 Pulse Width Modulated (PWM) switching 
mode

In a PWM control, so as to produce a sinusoidal AC 
voltage waveform at a desired frequency, a sinusoidal 
control signal (vc) at the desired frequency is compared 
with a triangular waveform (vt). 
The frequency of the triangular waveform establishes the 
switching frequency (fsw) and is generally kept constant 
with its amplitude. 
The control signal is used to modulate the switch duty 
ratio and has a frequency (f1), which is the desired fun-
damental frequency of the inverter voltage output.
The amplitude modulation ratio (ma) is defined as the 
ratio between the peak amplitude of the control signal 
and the amplitude of the triangular signal (which is usu-
ally kept constant):
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The frequency modulation ration (mf) is defined as the 
ration between the switching frequency and the funda-
mental frequency:
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The harmonic spectrum of the phase voltage (vf ) shows 
three items of importance:
–  the peak amplitude of the fundamental frequency 

component is [1]:
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– the harmonics in the voltage waveform appear as side-
bands centered around fsw and its multiples

– choosing mf as an odd integer, only the coefficients 
of the sine series in the Fourier analysis are finite and 
only odd harmonics are present.

 Because of the relative ease in filtering harmonic volt-
ages at high frequencies, it is desiderable to use as 
high a switching frequency as possible, except for one 
significant drawback: switching losses in the inverter 
switches increase proportionally with the switching 
frequency. Hence, in most applications, the switching 
frequency is up to 20 kHz.

 With reference to the value of ma, two behavior modes 
may occur:

– linear modulation (ma ≤ 1), in which the fundamental 
frequency component in the output voltage varies 
linearly with ma. 

 Therefore, the line-to-line rms voltage at the fundamen-
tal frequency can be written as:
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–  overmodulation (ma > 1), in which the peak of the 
control voltage exceeds the peak of the triangular 
waveform. In this mode of operation the fundamental 
frequency voltage does not increase proportionally 
with ma and for sufficiently large value of ma, the PWM 
degenerates into a square-wave inverter waveform. 

 This results in the maximum value of the line-to-line 
rms voltage equal to:

 dcdc
dc

l VV
V

v ..=..= 78.0
6

2
4

2
3

��
-> ldc vV .28.1  [B.5]

 In overmodulation more sideband harmonics appear 
centered around the frequency of harmonic mf and its 
multiples. However, the dominant harmonics may not 
have as large an amplitude as with ma ≤ 1.
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B.2 Square-Wave switching mode

It should be noted that the square-wave switching is also 
a special case of the sinusoidal PWM switching when 
ma becomes so large that the control voltage waveform 
intersects with the triangular waveform. 
One of the advantages of the square-wave operation is 
that each inverter switch changes its state only twice per 
cycle, which is important at very high power levels where 
the solid-state switches generally have slower turn-on 
and turn-off speeds. 
One of the serious disadvantages of this switching mode 
is that the inverter is not capable of regulating the AC 
voltage magnitude. 
Therefore, the DC voltage to the inverter must be ad-
justed so as to control the magnitude of the AC voltage. 
The line-to-line voltage waveform contains harmonics 
(h=6n±1; n=1,2,…), whose amplitudes decrease inversely 
proportional to their harmonic order:
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B.3 Current regulated modulation

There are various ways to obtain the switching signals for 
the converter switches in order to control the AC current. 
Two of such methods are:
–  tolerance band control – the actual phase current is 

compared with a sinusoidal reference current with the 
tolerance band around the reference current associated 
with that phase. 

 If the actual current tries to go beyond the upper tol-
erance band, the lower inverter switch of the actual 
inverter leg is turned on whereas the upper inverter 
switch is turned off. 

 Similar actions take place in the other two phases. The 
switching frequency depends on how fast the current 
changes from the upper to the lower limit and vice 
versa. 

 Moreover, the switching frequency does not remain 
constant but varies along the current waveform.

–  fixed frequency control – the error between the refer-
ence and the actual current is amplified or fed through 

a proportional-integral (PI) regulator. 
 The output control voltage of the amplifier is compared 

with a fixed frequency (switching frequency) triangu-
lar waveform. A positive error and, hence, a positive 
voltage control results in a larger inverter AC voltage, 
thus bringing the actual current to its reference value.  
Similar action occurs in the other two phases. 

 In the rectifier mode of operation of the converter the 
amplitude of the reference current should be such as 
to maintain the DC voltage at a desired or reference 
value Vdc, in spite of the variation of several DC loads.

B.4 Bidirectional power flow

In a single-phase converter (but the analysis may be ex-
tended to a three-phase converter remaining valid) with a 
rectifier mode of operation, the following formula is valid:
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Assuming vs to be sinusoidal, the fundamental frequency 
components of vconv and vs can be expressed as phasors 

and conv :

 [B.8]

The real power P and the reactive power Q supplied by 
the source to the converter are [1]:

 [B.9]
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From these equations it is clear that for a given line volt-
age  and inductance Ls, desired values of P and Q can 
be obtained by controlling the magnitude and phase of 

conv . In particular, the magnitude of conv  can be varied 
by controlling the amplitude of the sinusoidal reference 
waveform vc, whereas the phase of conv  can be varied 
by shifting the phase of vc. 
Hence, the magnitude and direction of power flow are 
automatically controlled by regulating Vdc at its desired 
value.
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Annex C: DC fault contribution of other types of 
converters

Hereunder several types of interface converters between 
the DC-Bus and DC/AC loads, ESS, renewable sources 
and gensets are analyzed from their DC fault contribution 
point of view. Since the converters are connected on one 
side to the LVDC microgrid, they have at their terminals 
the LVDC microgrid voltage. 
This means that, in the absence of a separation trans-
former, the terminals of a generator or an ESS are isolated 
from the ground. For example, if a MV/LV transformer with 
the star point connected to the ground is considered, 
another connection to the ground of an active part, e.g. 
a PV plant or ESS terminal, creates a double active part 
ground connection with an unwanted trip of the residual 
current devices installed on AC side. 
As a consequence, even a ground fault in the LVDC 
microgrid is seen by each converter as a short circuit at 
its DC terminals.

C.1 DC/AC interface converter for AC loads

This converter feeds those loads that require mandatorily 
an AC supply. A DC fault causes firstly the capacitor 
discharge current. 
This capacitor is usually installed in most converters. 
Instead, the converter current contribution is negligible 
whether the loads are passive or it is limited at maximum 
the transient short circuit current fed by motors.

Figure C.1 – DC/AC interface converter for AC loads

Figure C.2 – AC/DC interface converter for Gen-sets or wind power plants

C.2 AC/DC interface converter for Gen-sets or 
wind power plants

In case of a DC fault, besides the capacitor discharge, the 
converter behaves in similar manner of what analyzed in 
Chapter 2, but now the short circuit power on AC side is 
limited to the usual one supplied by an alternator.
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Figure C.3 – DC/DC interface converter between the PV plant and the 
LVDC microgrid

Figure C.4 – DC/DC reversible interface converter between the ESS and 
the LVDC microgrid

C.4 DC/DC interface converter for ESSs

The configuration of this DC/DC converter is the revers-
ible one (Figure C.4), since it has to perform the double 
task to recharge and maintain the ESS charged and, when 
necessary, to allow the power flow toward the DC-Bus.
In case of a DC fault, a situation similar to that in Section 
C.3 occurs, because the presence of the freewheeling 
diode D1 allows the DC fault ESS contribution without 
any control by the converter.

C.3 DC/DC interface converter for PV plants

This DC/DC converter has the double task of both to 
allow the PV plant to work at its own maximum power 
point and to adapt the DC array voltage to the DC-Bus 
voltage. With the common ratio between these voltages, 
usually the boost (step-up) converter configuration is 
used for medium-high power applications.
In case of a DC fault, this converter supplies firstly a 
peak current due to the DC capacitor discharge, then 
the boost converter continues to feed the fault with the 
whole available PV plant short circuit current (equal to 
1.25 times the maximum current in standard conditions).
It is important to note that this type of converter is not 
able to limit such current, since in this situation the short 
circuit current flows through the diode D1 in series (Figure 
C.3) without any possible action by the converter control.
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