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ABSTRACT

In this paper we present the comparison and verification
of three different digital sinusoidal PWM techniques
implemented for a low-cost micro-controller based
single-phase H-bridge inverter. The results of heat
transfer are provided from new, fully sealed and rugged
mechanical casing, for various modes of operations. The
experimental results confirm the validity of the proposed
single-phase space vector modulation technique to
control the inverter and provide high performance and
operation in harsh mechanical environments.

1 INTRODUCTION

There are tremendous developments being made in
power semiconductor devices, along with rapid changes
from analogue to digital technologies. Significant
increases in volume and improvement in the
manufacturing processes of high power semiconductors
has resulted in the production of these devices with
higher quality, lower unit price, and enhanced
performance. Microcontrollers and digital signal
processors (DSP) have made it possible to implement
advanced control strategies in a more flexible way, at
lower cost. Moreover, the rapid growth of alternative
energy generation has led to the emergence of many new
research opportunities.

Single-phase pulse width modulated Voltage Source
Inverters (VSIs) are devices that convert DC to AC and
are used in a wide range of applications, including
uninterruptible power supplies (UPS) and renewable
energy systems (stand-alone or grid connected). They
are generally used for voltage support (voltage control
VSI; VCVSI) and current support (Current Control VSI;
CCVSl). There are many different sinusoidal PWMs that
have been proposed for single-phase inverters, such as
bipolar, unipolar and space vector modulation, first for
analogue and later for digital control systems[1-5].

Conventional VSIs make use of a fan or blower to
disspate the heat generated in the electronics
components, by blowing air directly over the
components. This is adequate in favourable
environments, which are free from significant amounts
of dust and moisture that can cause electronic and
mechanical componentsto fail. However, in remote area
power systems (RAPS), such as those encountered in
outback Western Australia, inverters may need to be
sited outside, exposed to dusty harsh conditions. This
can result in component failures with either the
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breakdown of the inverter electronics or breakdown of
the cooling fan. This induces the components to heat up
excessively, ultimately resulting in failure of the VSI.
This paper presents a development of a robust, reliable,
hermetically sealed inverter unit, which can be placed in
harsh environments and dissipate the wasted heat.
Different digital PWM techniques have been
implemented on a 24Vdc, 2kW prototype inverter
(Figure 1). Analytical, simulation and experimental
results are presented in the following sections.
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Figure 1. Prototype 2kVA single-phase full-bridge inverter

2. DIGITAL SINEWAVE PWM FOR VCVSI

For a single-phase H-bridge inverter, there are four
possible switching states as shown in Figure 2.
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Figure 2. H-bridge inverter switching states

The switching status of the lower switches (T2, T4)
complements the top ones (T1, T3). It is necessary to
ensure that no two switches in each leg of the H-bridge
inverter receive the ‘On’ command simultaneoudly, as
this could lead to a short-circuit in the DC bus and
generate current shoot through via the switches. Thisis
an undesirable event, which can generally be prevented
by generating the required deadtime via hardware or

software [6]. The output voltage of the inverter (V,, )

is taken across the mid-points of each leg of the H-
bridge, which can be calculated as (1).

V12 = Vln - V2n (1)



Here v, and v, arethe midpoint voltages of Leg A and

Leg B with respect to the neutral point (n). For
simplicity the DC bus voltage can be used to normalise
the output voltages:

V=X 2

Where V', represents the normalised value of v,
(V,, +V,,1Vy, )s Ve iS the DC bus voltage. The ‘On’ and
‘Off’ status of the top switches (T1 and T3) can be
represented by ‘1’ and ‘0’ respectively. V12 is a one-
dimensional voltage vector (Figure 3), considering the
four possible switching states (Figure 2).
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Hereu, =-U, =Vpe - Figure 3 shows the two sectors of

operation for the H-bridge inverter, where different
combinations of switching can be used to generate the
required instantaneous output voltage (V12) with respect
to the reference voltage. The voltage vectors to generate
the required output voltage for sector 1 are U0, U1 and
U3 and for sector 2 are U0, U2 and U3. Depending on
the type of micro-controller timer counters (step-up,
step-down and step-up-down), the PWM can be aligned
either left, right or at the centre edge [5] (Figure 4). Due
to the duality of the left and right aligned PWMs, the
digital implementation of these two PWMs results in the
similar PWM output. Therefore, this paper focuses only
on the left and centre aligned digital PWMs.

Left Aligned PVWM
-~
T |

F 3
g

o — -
1/E-IVSW tWL
Centre Aligned PYWM
W S — s
[ Te |
o I bt
1 1 T } >
tic Tow =1
Amplitude Right Aligned PVWM
-
vy e
' [ = |
o - I 1 time
o R VeTew Tow

Figure 4. Three different PWMs for digital implementation

2.1. HARMONIC MITIGATION

The conventional method of digital PWM generation
using a Microcontroller, DSPs, FPGA, etc in VCVSIs
was based on a Regular Sampled (RS) unipolar PWM,
which uses the left aigned approach (Figure 5).
Recently, single phase Space Vector Modulation (SVM)
was developed using a center aligned digital PWM
(Figure 6) [6]. It is shown that the SVYM concept can be
extended to left aigned SYM (LASVM), however the
maximum benefit of SVM cannot be obtained in
LASVM (Figure7) [7].

Sector 1 Sector 2

ta

T To T2 To

VeTew VeTow
T, Tow
@ ®)

Figure 5. RS unipolar switching pattern for (a) sector 1
(b) sector 2
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Figure 6. SVM switching pattern for (a) sector 1 (b) sector
2
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Figure 7. LASVM switching pattern for (a) sector 1 (b)
sector 2

Due to the subtraction nature of the full bridge inverter,
the H-bridge output voltage pattern (V,, ) can be

obtained by subtraction of the two PWMs (A g
andB,,, )- Figure 5 shows the RS unipolar PWM

pattern in sector 1 and sector 2. In RS unipolar, while
one of the legs of the H-Bridge inverter is switching at
switching frequency, the other leg is kept ‘ Off’ for half a
cycle and vice versa for the other half a cycle. In this
case, the ripple frequency will be the same as the
switching frequency. To generate SVM, it is necessary
to generate the two PWM pulses symmetrically to half
the switching period (Figure 6). These patterns guarantee
that the ripple voltage frequency at V,, will remain

twice the switching frequency. This is a very desirable
feature, as it can contribute considerably to the size
reduction of the high frequency filters, which resultsin a
reduction of the total cost and weight of the inverter. To
generate the LASVM it is necessary to ensure that the
output voltage pulse width is symmetrical to half the
switching period, and also that both pulses start at the
same time. In this case, the output ripple frequency will
be the as same as the switching frequency, which is the
same as the RS unipolar PWM. However, in LASVM
both inverter leg A and leg B are operating at switching
frequency. Therefore no extra low order harmonics are
generated at the output of the H-bridge inverter (Figure
8(a)). To generate each of the PWMs mentioned above,



t,and t, are calculated to correspond to the reference

sinusoidal waveform at each switching period. It was
shown that t,and t, can be obtained from the following

expressions[7].

For RS unipolar (Figure 5):
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For LASVM (Figure 7):
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Where, m,is the modulation index, Tsw is a switching
period, f_ is the load (fundamental) frequency. The

average H-bridge output voltage vector (V12) for sector
1 and 2 can be calculated as follows:
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PSIM, power electronics simulation software was used
to model the three digital sinusoidal PWMs (RS unipolar
SVM and LASVM). Figure 8 shows the freguency
domain (FFT) plots for the full-bridge output PWM
(V12). Figure 8(a) confirms that while one of the legs of
the H-bridge in RS unipolar operates at 50Hz and the
other leg operates at a desirable switching frequency for
each half a cycle, small amounts of undesired low order
harmonics will be generated. These undesired low order
harmonics can reduce the stability margin of the inverter,
which is explained in the following section. This
drawback can be overcome by using a left aligned space
vector modulation (LASVM) by switching both legs at
the switching frequency (Figure 8(c)). Figure 8(a) also
shows that in RS unipolar, the output ripple voltage
frequency is same as the switching frequency. This is
another drawback of this technique, which causes
switching and the therma stresses do not distribute
uniformly over the switches. It is possible to improve the
problems in the RS unipolar by using a centre aligned
space vector modulation (SVM) technique [2] (Figure 8
(b)). In this scheme the output ripple voltage frequency
is twice the switching frequency. This feature gives an
extra advantage to centre aligned SVM, which is a
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Figure 8. FFT results of different digital PWM at 1kHz

switching and sampling frequency, a) RS Unipolar, b) SVM

and c) LASVM

smaller filter requirement (high frequency inductor and
capacitor). Figure 9 shows the three implemented PWMs
using a microchip microcontroller (PIC16F876). Due to
the operation of the MOSFET driver all of the
waveforms shown in (Figure 9) were reverted.

2.2. STABILITY PERFORMANCE

Digital PWM pattern generation has a direct effect on
the stability margin of the inverters. To examine the
stability, a soft-start feature was built into the prototyped
2kV A inverter. It means that the inverter started to build
the output voltage from OV to its nomina (240V)
gradually when it starts. The soft-start not only makes
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Figure 9. Different PWM waveforms implemented to the H-
Bridge inverter, a) RS unipolar , b) SVM and c) LASVM
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Figure 10. Inductor filter current ripple and inverter output
voltage in RS unipolar, a) soft-start and b) steady state

the inverter capable of starting under full load, but also
provides a chance to monitor the transience of the
inverter under this condition. Figure 10(a) shows the
transience occurring in the prototyped inverter using the
RS unipolar digital PWM and loaded with 150W. As can
be seen, the inverter does not have a smooth transience
(Figure 10(a)), which is due to the existence of low order
harmonics at the output of the full-bridge (V12). Figure
10(b) shows the steady state response of the inverter
using RS unipolar.

Figure 11(a) shows the transient occurring in the
prototyped inverter using SVM at 150W. As can be seen,
the inverter now has a smooth transient (Figure 11(a)).
As the output of the full-bridge (V12) consists of only
high order harmonics and the fundamental frequency
component, it is more resistant to transience, which is a
cause of low order harmonics. Figure 11(b) shows the
steady state response of the inverter using SVM. By
comparing the SVM (Figure 11(b)) and RS unipolar
PWM (Figure 10(b)), it is shown that the inverter with
the same switching frequency can offer lower ripple
current in the high frequency filter inductor (lower filter
reguirement).

2.3. EFFICIENCY ANALYSIS

Figure 12 shows the test setup used for efficiency and
other required measurements. Figure 13 shows SVM has
the highest efficiency, up to 50% of full load. After this
power rating the inverter efficiency is almost the same
for the other two left aligned digital PWM. It was

Figure 12. Inverter efficiency measurement setup
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Figure 11. Inductor filter current ripple and inverter output
voltage using SVM, a) soft-start and b) steady state

observed when increasing the switching frequency to
20kHz in RS unipolar and LASVM PWM to make the
output ripple voltage frequency (20kHz) the same as
SVM, that the switching loss increased in the two left
aligned PWMs. Hence the total inverter efficiency
dropped below SVM. LASVM had more losses due to
the effect of dead-time and reversed recovery of the
paralel diodesin MOSFETS. It caused voltage spikes on
the high frequency inductor, resulting in more losses.
Therefore, the centre aligned SVM provides the best
performance for the whole range of power for the
prototyped inverter.

3. MECHANICAL CONSIDERATIONS

It was necessary that the inverter be able to operate in
shaded space, where its ambient temperature could
increase up to 45°C. Moreover the place could be dusty,
moist and exposed to bugs or insects (outback area). To
make an inverter that could withstand these harsh
conditions satisfy, it had to be mechanically sealed and
preferably fan free. To provide better heat transfer
between the electrical components of the inverter inside
the sealed enclosure, it was suggested that the inverter be
filled with qil (Figure 1 (a)).

3.1 THERMODYNAMICS AND HEAT TRANSFER OF
SEALED INVERTER

It was assumed that in the worse case, the inverter could
have an efficiency of 90% of full power (2kW) (Figure

Figure 13. Inverter efficiency plots for RS unipolar, SVM and

LASVM with 10kHz switching frequency



13). Therefore, 200W of internal heat had to be
dissipated from the inverter. There are three possible
modes of heat transmission, which are known as
conduction, convection and radiation [8].

3.1.1. CONDUCTION

In conduction mode with a temperature gradient in a
solid medium, heat will flow from higher to lower

temperature areas. The rate of heat flow (Q,) is

proportional to the temperature gradient (dT/dx) and the
area (A) through which the heat is transferred. The
actual rate of heat flow depends on the thermal
conductivity (k) and the property of the material used in
the inverter, which can be expressed as:

—adl (11)
A« KA dx
312 CONVECTION

Two mechanisms operate within the convective mode of
heat transfer. The first is conductive, that is due to
molecular motion, the second is the effect of macro-
motion of the fluid within itself as the result of an
external driver, usually a pressure or density difference,
causing the fluid to flow. Figure 14 shows a heated flat
plate cooled by a stream of fluid (air or oil). It can be
seen that air velocity decreases in the direction towards
the surface as a result of viscous forces. Since the
velocity of fluid layers next to the wall is zero, heat
transfer between the solid surface and the fluid layer
must be by conduction. Moreover, the temperature
gradient at the surface is determined by the rate at which
the fluid can transport the heat away from the surface.
This is a function of the fluid itself and the type of
convective heat transfer, which is either free convection,
forced convection or combined. Forced convection
(Figure 14) is generally a result of a fan or pump
generating motion of the fluid within an enclosed
conduit. As a result the heat transfer coefficients (hc) in
forced convection are larger than those of natura
convection and can be expressed as[9]:

q. = h,ADT (12)
3.1.3. RADIATION

The quantity of energy leaving a surface as radiant heat
depends on the absolute temperature and nature of the
surface (radiation coefficient (s )). A perfect radiator,
or blackbody, emits radiant energy from its surface at a
rate gr given by:

Figure 14. Velocity and temperature profile for forced
convection

q, = Ais (r14 - T24) (13)

3.2 SIMULATION OF COMBINED HEAT TRANSFER
SYSTEMS

The model derived in this study was ssimulated using an
Excel spreadsheet. The three basic modes of heat
transfer have been treated separately, however in
practice heat is usually transferred by several of the basic
mechanisms occurring simultaneously [10]. Within the
context of this analysis, only heat transferred by
conduction and convection modes were considered,
although heat loss through radiation is still a relevant
factor [11].

Figure 15 shows the simulation results of air flow
velocity temperature versus temperature differences.
Considering that 85°C is the maximum permissible
temperature of the components inside the inverter and
the ambient temperature rises up to 45°C, the maximum
temperature difference should be less than 130°C. This
means that the natural convection should provide at least
0.5m/sair flow velocity.

Figure 15. Air flow velocity temperature trends

Figure 16 shows that for this power dissipation (200W)
the optimum length of the inverter would be around 35
cm.

Figure 16. Inverter body length temperature trend

3.3. AN EXPERIMENTAL
ON HEAT SINKING

INVESTIGATION

Figure 8(a) shows the test rig for the mechanical thermal
stress test. The 200W resistors were connected in series
and attached to the aluminium enclosure using clamps.
The temperature probe of the DMM was connected to
the aluminium housing and the DMM interfaced to the
PC through the seria port. This was so that the
temperature of the block could be logged in real-time, as
the aluminium extrusion was heated (Figure 8(b)). A fan
was placed underneath the housing and was turned on to
simulate cooling by forced convection.
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Figure 17. Fan connected to underside of inverter
housing, a) test setup, b) PC display while logging
temperature

Three different thermal tests were conducted to evaluate
the performance of the new sealed enclosure for the
inverter. These tests were done using natural convection
and forced cooling (with and without a shroud). The
results of the experiment are shown in Table 1. These
results show that the inverter can be used under different
environmental temperatures. For instance, for a place
with an ambient temperature of 45 C it is suggested that
an inverter with shroud be used.

Table 1. Result of different heat dissipation capabilities of

enclosure
Parameter Natural Forced cooling
Convection
No Shroud Shroud

Ambient Temp Start 17 C 18 C 18 C
Resistor Voltage 28V 28V 28V
Resistor Current 7A 7A 7A
Resistor Power 196 W 196 W 196 W
Steady State Temp 93 C 82 C 62 C
Ambient Temp End 24 C 26 C 26 C
Temp Difference End 69 C 56 C 36 C

Table 1 shows that natural convection does not provide
enough heat dissipation with the existing housing length
(30 cm). A temperature difference of 69 C between the
steady and ambient state is regarded as too much for the
components (69+45>85 C). An option available to
improve the situation would be to increase the length of
the housing so that the 200W of heat can be spread,
resulting in a lower temperature difference.
Alternatively, forced cooling can be used. The forced
cooling test shows that employing the fan alone (without
a shroud), to circulate air over the housing was not as
effective as originally thought. In this case a temperature
difference of 56 C above ambient shows that even thisis
regarded as too high (56+45>85 C). The reason for this
unexpected result is that the air expelled from the fan
does not remain laminar within the fin gaps. Thereforein
another test a shroud was placed around the housing.
(Table 1) shows that this solves the problem and reduces
the temperature difference to 36 C, which is acceptable
(36+45<85 C).

4, CONCLUSIONS

This paper explains effect of digital PWMs to guarantee
high electrical performance for a single phase H-bridge
inverter. Moreover, the unique mechanical design
(sealed enclosure) makes this inverter suitable for
operation in abrasive environments. The experimental
results confirm the validity of the proposed single-phase
space vector modulation technique to control an inverter

for high performance and operation in harsh mechanical
environments using a sealed casing.
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