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Abstract—This paper studies the performance of a three
phase Hard Switching Inverter (HSI) for low power applications,
operating primarily at partial load (7 W, 150 mA-peak, 50 Vpeak which is 10 % of its thermally maximum permissible power)
in a home appliance application. Analytic methods are used to
calculate the losses for different power transistors, resulting in
an optimized H-Bridge Inverter (HBI) prototype. The standard
hard-switching approach is used, the potential of gate loss
reduction by using a Resonant Gate Drive Circuit (RGD) is
investigated.

I. I NTRODUCTION
DC-AC converters have found a wide range of applications
in industry, with very wide power ranges of the loads. The
energy conversion efficiency of these converters has become
a very important point for many applications. Typically, three
types of losses are distinguished between: conduction, switching and gate or control losses [1].
Many researchers have studied HSIs intensively under different loads. In this paper, the type of inverter designed
for an extremely light load is investigated and optimized,
with a special focus on the very light load application. The
efficiency of such an inverter needs to be carefully computed,
the different loss types are discussed in detail, expanding the
previous work. In [2], the authors evaluated the circuit under
small load by employing high voltage IGBTs which are used
in mid-power applications under small load conditions of 10 %
to 20 % of the inverter’s nominal load. In [3], a three phase
voltage source micro-inverter topology (with three different
topologies of inverters) was studied and tested under low
load. MOSFETs were used and the losses were calculated to
compare the performances of the different topologies.
This paper studies the performance of a conventionally
Pulse Width Modulation (PWM) controlled three phase Hard
Switching Inverter (HSI) for an extremely light load (7 W,
150 mA-peak, 50 V-peak). This inverter is designed for a
residential appliance. Furthermore, this application has a maximum power point of 70 W, 310 mA-peak, 260 V-peak, which
is required only a few times during its lifetime and which is
therefore not relevant for its energy consumption. Thus, the
inverter is optimized for the very light load operation (10 %
of its maximum power). (Any possible output filter is excluded
from the study, since, if needed at all, it would depend on the
length of the cable used.)
Analytic methods (discussed in Section II) are used to
calculate the losses. (500 V - 650 V) MOSFETs and IGBTs

are investigated to select the best fit for this application in
Section III. Then, the different loss components are compared
in detail, their contributions to the total losses are identified,
and possibilities to reduce the losses are investigated in Section
IV. Test circuit, setup, method and experimental results are
discussed in Section V. Finally, conclusions are drawn in
Section VI.

Fig. 1. Single leg of three phase hard switching inverter.

II. HSI L OSSES A NALYSIS
Figure 1 reviews a single leg of a three phase HSI which
contains the DC link capacitor (Cdc ) and the two power
switches (S1 and S2 ) (here: MOSFETs but these can also
be replaced by IGBTs with internal or external anti-parallel
diodes). Also, it shows the two most relevant parasitic capacitances (Cgd , Cout ).
In this section, the loss components are computed for a
single leg, as shown in Figure 1, because the three phase
HSI is composed of three identical legs and operated with
symmetrical load. As mentioned above, the losses in the HSI
are divided into: conduction losses, switching losses and gate
drive losses.
In the analysis, the following nomenclature is used, for both
types of switches (MOSFET and IGBT):
•
•
•
•

Ron denotes the on-state resistance for the MOSFETs
(Rdson ) and the differential resistance for the IGBTs (Rce ).
Von denotes Vce0 , for IGBTs, and is zero for MOSFETs.
The forward voltages and differential resistors for diodes
are denoted Vf , Rf , respectively.
The current drawn by the load is denoted as io .

Due to the symmetry of io , the energy losses are calculated
for half of the fundamental period and then averaged over half
of the fundamental period (fmod = 50 Hz).
A. Conduction Losses
The conduction losses (on-state losses) are the losses caused
by Ron , Von , Vf , Rf and io . The energy dissipated in the switch
and the diode within one switching cycle (Ts ) with duty cycle
(Dn ) in switching period number n are given respectively by,
[5,10]:

where Qgd (Vdc ) denotes the accumulative gate-drain charge,
and can be calculated by integrating the gate drain capacitance
Cgd over Vdc [18], where:
Z Vdc
Qgd (Vdc ) =
Cgd (v)dv
(10)
0

The switching on energy of the upper MOSFET caused
by the reverse recovery of the body diode and the output
capacitances are given by [4,5]:
Eonrr-n

EcondS-n

=

(Von + Ron io-n )io-n Dn Ts

(1)

EcondD-n

=

(Vf + Rf io-n )io-n (1 − Dn )Ts

(2)

For such low current, the voltage drop in the channel of the
MOSFET is lower than the forward voltage of the body diode
of the MOSFET (Ron io-n < Vf ); so the energy lost during the
conduction period of the body diode is given by:
EcondD-n

(Von + Ron io-n )io-n (1 − Dn )Ts

=

=

2fmod

N
X

(EcondS-n + EcondD-n )

(Qrr

(4)

0

The switching on energy during the voltage fall time of the
upper MOSFET can be calculated by integrating the power
over tfv-new ; this is given by:
Z tfv-new-n
EonMv-n =
vds (t)io-n dt
(13)
0

B. Switching Losses
1) Switching Losses of the MOSFETs: The switching losses
in a power MOSFET depend on its transient behavior, i.e., its
turn on (Ton ) and turn off (Toff ) times. The times are stated
in the data sheet of power MOSFETs for the specific nominal
value of load current and voltage, see Table 17 in [12]. If the
load changes, these times need to be scaled. So that:
= tri-new + tfv-new

(5)

where tri-new denotes the scaled current rise time and tfv-new
denotes the scaled voltage fall time at turn on. The general
equation for calculating the nominal rise time trn (at nominal
load current) is given by [5,6,7,11]:
trn

=

tri-new

=

Vdr − Vth
)
Rg Ciss ln(
Vdr − Vgp
trn
io-n
In

=

Vdr − Vgp
Rg

=

(Vdc − Ron io-n ) Qgd (Vdc )
Igon
Vdc

1
Vdc io-n tri-new-n
(14)
2
The same procedure is followed to calculate the switching
losses at turn off of the upper MOSFET:
EonMi-n

=

Toff-new

= tfi-new + trv-new

(15)

where tfi-new denotes the scaled current fall time and trv-new
denotes the scaled voltage rise time at turn off [5,6,7,11]. Then:
tfn

=

Rg Ciss ln

tfi-new

=

tfn
io-n
In

Vgp
Vth

(16)
(17)

The gate current during trv-new is given by [11]:
(7)
Igoff

(8)

Then, the new voltage fall time at turn on [based on 5]:
tfv-new

Also, the switching on energy during the current rise time
tri-new of the upper MOSFET is given by:

(6)

where Rg is the total (internal plus external) gate resistance,
Ciss is the input capacitance of one MOSFET, Vdr is the driving
voltage applied to the gate, Vth is the threshold voltage, Vgp is
the gate plateau voltage (dependence on io is neglected) and
In is the nominal drain to source current. To calculate tfv-new ,
the gate current during this time must be calculated [11]:
Igon

(11)

where Qrr is the reverse recovery charge at nominal load
current and Qout is the charge of the MOSFET’s output
capacitance (Cout ) (one capacitance is charged, while the other
one is discharged). This charge can be estimated by integration
of the output capacitance over the DC link voltage [18]:
Z Vdc
Qout (Vdc ) =
Cout (v)dv
(12)

n=1

Ton-new

io-n
+ Qout (Vdc ))Vdc
In

(3)

The conduction losses are given by (N switching cycles per
0.5fmod ) [4]:
Pcond

=

(9)

=

Vgp
Rg

(18)

The new voltage rise time at turn off [based on 5]:
trv-new

=

(Vdc − Ron io-n ) Qgd (Vdc )
Igoff
Vdc

(19)

Again, Qgd (Vds ) is found using (??).
The switching off energy during the voltage rise time of the
upper MOSFET is calculated by integrating the power over
trv-new :
Z trv-new-n
EoffMv-n =
vds (t)io-n dt
(20)
0

The switching off energy during the current fall time tfi-new of
the upper MOSFET is given by:
1
Vdc io-n tfi-new-n
(21)
2
Then, the total switching energy for the single leg for
switching cycle n is given by:
EoffMi-n

=

Esw-n = Eonrr-n + EonMv-n + EoffMv-n + EonMi-n + EoffMi-n (22)
The switching energy losses are given by (with N switching
cycles per 0.5fmod ) [4]:
Psw = 2fmod

N
X

Esw-n

Figure 2 shows the computed total losses of a single leg
for the best five of the analyzed switches by averaging the
losses over one fundamental period. The superior performance
of the MOSFETs is evident (blue, green curves) compared
to the IGBTs (black curve) over the full range of the DC
link voltage. Also, the IR-MOSFETs [21] perform better than
the CoolMOSs [12], again, over the full range of the DC
link voltage. For experimental verification purposes, the CFD2
family (CoolMOS) (red curve) has been selected [12].

(23)

n=1

2) Switching Losses of the IGBTs: In this research, the
switching losses in the IGBTs are calculated based on [Figures
13, 14 and 16 from [8]], where the figures represent the
relationships between the switching losses and collector current, gate resistor and collector emitter voltage, respectively.
All these relations show approximately linear dependencies
between the IGBT’s switching energy and io-n , Rg and Vdc . The
switching energy for the single leg inverter per one switching
cycle is given by [10]:
Esw-n =

En (Ki io-n + Ci )(KR Rg + CR )(KV Vdc + CV )
Eoi Eor Eov

C. Gate Losses “Control Losses”
The gate losses are the losses dissipated in the gate resistance (internal plus external) due to the charging/discharging
of the input capacitance of the power switch. Thus, the losses
during switching cycle n of the two power switches in the
single leg of the inverter are given by [5,10] (where, Qgt is
the total gate charge at voltage Vqg as given in the data sheet):
=

2Qgt

Vdr2
fs
Vqg

gate) for the best five switches (top to bottom [21,21,12,24,8]).

(24)

where:
• Ki , KR and KV describe the slope of the Ets line
[from the aforementioned Figures 13, 14, and 16] of [8],
respectively.
• Ci , CR and CV describe the constant values of the Ets
line [from the aforementioned Figures 13, 14, and 16] of
[8], respectively.
• Eoi ,Eor ,Eov describe energies at nominal load current
taken [from the aforementioned Figures 13, 14, and 16]
of [8], respectively.
• En is the total switching losses at nominal load.
Then, the switching losses for the single leg inverter are
calculated using (??).

Pgt

Fig. 2. Single leg computed total losses (conduction, switching and

(25)

III. M AIN C IRCUIT C OMPONENT S ELECTION
The losses occurring in the circuit under the specific load
conditions and variable DC link voltages of up to 350 V are
computed for 35 members from different families of (500 V 650 V) CoolMOSs [12], IR-MOSFETs [21], FREDFETs [24]
and IGBTs [8] to select the best fitting switch.

Fig. 3. Single leg computed total losses for CFD2, 50 V and 350 V.

Figure 3 shows how the total losses of a single leg change
with the on-state resistance of the CFD2 family. The conduction and gate losses are independent of the DC link voltage.
However, the switching losses change with DC link voltage
when the switching frequency is constant.
For each MOSFET family, the multiplication of the on-state
resistance and input/output capacitances gives a constant value.
Increasing the on-state resistance increases the conduction
losses (blue curve) and decreases the switching losses (solid
and dashed green curves, for 350 V and 50 V, respectively)
and gate drive losses (red curves). The solid and dashed black
curves show the single leg total losses at a DC link voltage of
350 V and 50 V, respectively.
IV. E FFICIENCY E NHANCEMENT
To reduce the overall losses, the contribution of each loss
component has been investigated separately as follows:
1) Conduction and Switching Losses: Table I summarizes
the computed single leg conduction losses for the selected
MOSFET [12] and IGBT [8] (with external diode as stated

in the data sheet) at 10 % of the maximum load power for
50 V≤ Vdc ≤ 350 V. The IGBT has higher conduction losses
(at this range of load) compared to the MOSFET because of
the additional P region in its structure, which causes an initial
voltage Vce0 .
Figure 4 shows the computed single leg switching losses,
mainly depending on the switch’s input and output capacitances. The switching losses of the MOSFET are higher than
those of the IGBT in the full DC link voltage range. This is
caused by the fact that the output capacitance of the selected
MOSFET is higher than the one of the selected IGBT which
can be seen in the data sheets ([8] and [12]).

To select the inductor (Lr ), the following should be considered: Firstly, it should have low DC internal resistance to
reduce the resistive losses in the circuit. Secondly, the current
di
) should be lower than the current rate
rate in the inductor ( dt
of the selected RGD’s MOSFETs to ensure low switching
losses. Thirdly, the current capability of the inductor must be
higher than the charging/discharging current of the main gate
MOSFET ((??) and (??), respectively).

Fig. 5. RGD circuit as proposed in [17] (left), switching pattern (right).

Fig. 4. Single leg computed switching losses selected MOSFET [12]/ IGBT
with diode [8] at 10 % of maximum power.

2) Gate Losses and Loss Reduction: The computed gate
losses for the single leg inverter are summarized in Table
I. This loss component has a considerably high influence
on the overall efficiency in the case of applications with
high switching frequencies and extremely light load ranges,
especially at low DC link voltages. Therefore, a Resonant Gate
Driving (RGD) circuit is introduced.
TABLE I
C OMPUTED CONDUCTION AND GATE LOSSES , SINGLE LEG .

Switch

Conduction mW

Gate mW

losses in mW

losses in mW

MOSFET [12]

30.4

6.8

IGBT [8]

89.6

54.3

3) The Resonant Gate Drive (RGD): Many RGD typologies have been introduced and discussed. Most of these works
focus on applications with switching frequencies between 500
kHz and 1.5 MHz (e.g., [13]-[17]).
In this paper, the RGD circuit which was proposed in
[17] has been employed to reduce the gate losses (Figure 5
(left)). Here again, it is important to select the most suitable
switches for the RGD circuit. To select the best fitting switch
for the driving circuit, the same procedure as specified in
[17] has been followed. In the RGD, the losses are mainly
conduction and gate losses, whereby the switching losses are
not considered because the RGD is a soft switching topology
operating at nearly zero switching losses.

Fig. 6. The RGD prototype (left), measured main MOSFET turn on
waveforms (right).

As proposed from the topology, the inductor current should
ramp down to zero as soon as Q2 and Q4 are turned off. But, as
shown in Figure 6 (right), the inductor current (black curve)
decreases below zero. This is due to the output capacitance
of the selected driving MOSFET of the RGD (the driving
MOSFET is Si3588DV [23]). Then, the inductor current
approaches zero, while circulating through Q1 and the body
diode of Q2. Figure 6 shows the measured gate source voltage
of the main switch (green curve and scaled by 1/50), and the
red curve shows the recovery energy when the supply current
(Icc ) becomes negative.
V. D ISCUSSION AND R ESULTS
A. Test Circuit, Setup and Methods
Figure 7 shows the H-Bridge prototype. Figure 8 (left)
shows the test circuit to measure the losses. The circuit was
realized from two single legs as an H-Bridge, supplying a
large inductor (10 mH) to reduce the ripple current and achieve
nearly DC load current. A variable DC-power supply provided
the DC link voltage.
The voltage and current input channels of a power analyzer
(N5000) [22] were connected to the input and the load of
the H-bridge as indicated in Figure 8 (left). As the DC input
impedance of the power analyzer voltage channels is in the
range of MegOhms, its influence on the power measurement

may be neglected, whereas the input capacitances must be
considered when comparing the measured losses with those
calculated.
Symmetrical Pulse Width Modulation was applied to the
circuit to control the load current, where the left leg had a
duty cycle of DL and the right leg had a duty cycle of DR as
illustrated in Figure 8 (right).

capacitance, then:
Eadd

=

(QN5000 + Qload + Qout (Vdc ))Vdc

(27)

To calculate the measured switching and additional
losses:
Ptm2 − Ptm1

=

(K2 − K1 )fs (Eswm + Eadd ) (28)

where Pcondm cancel out each other, the measured switching and additional losses are calculated so that:
fs (Eswm + Eadd )
•

Fig. 7. H-Bridge Prototype.

Ptm2 − Ptm1
K2 − K1

(29)

The measured conduction losses can be calculated by:
Pcondm

•

=

=

Ptm1 − K1

(Ptm2 − Ptm1 )
(K2 − K1 )

(30)

The energy reduction by the use of the RGD is derived
as follows: the power consumption of the RGD circuit
(Figure 5, Rgx was shortened) is compared to the power
consumption of the standard gate drive (Lr was removed).
The power consumption in each case was measured at
several switching frequencies. The differences between
the readings represent the losses. The difference between
the two mean values equals the power saved by the use
of the RGD.

B. Measurement Results and Discussion
Fig. 8. Test circuit (right), pulse width modulation, load voltage and current
(left).

The losses were measured as follows:
•

•

The total losses were measured directly: The sum of
switching and conduction losses of the H-Bridge Inverter
(two legs) equals the difference of the measured input
and output power.
The switching and conduction losses were separated
by taking measurements at two different switching frequencies (different values of the switching frequency
multiplier K) and at constant load current. So that:
Ptm (Kfs )

The MOSFET type (IP D65R1K4CF D2) had been selected for a DC load current of 150 mA. (This was the
peak value of the sine wave of the load current.) Figure 9
shows the measured and the calculated single leg conduction
and switching losses over the range of investigated DC link
voltages.

= Pcondm + K1 fs (Eswm + Eadd ) (26)

where Ptm are the measured total losses (conduction plus
switching), Pcondm are the measured conduction losses,
Eswm is the measured switching energy, K is a constant
and Eadd is the energy lost due to the power analyzer
channels [22], the load capacitance and the output capacitance of the two switches. The default dead time,
introduced by the half bridge driver, successfully prevents
cross conduction, but causes forced charging/discharging
of the output (and load) capacitances after turning off
the previously active channel (under ZVS condition).
These additional losses will be reduced by increasing the
dead time in the future. The additional charge Qadd can
be estimated by multiplying the constant capacitances
by the DC link voltage and for non-constant output
capacitance by integration according to (??) for the output

Fig. 9. Measured and calculated total conduction and switching losses,
150 mA DC load current.

Figure 10 shows the measured and the calculated single leg
conduction and switching losses over the range of investigated
DC load currents at different DC link voltages.
Finally, the measured gate losses in case of standard hard
switching and use of an RGD are compared in Table II, for a
single switch. The measured values, in all cases, include losses
in the driving MOSFETs. The results show an improvement
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