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Abstract—This paper considers the design of low-cost
voltage source inverter of the fan of air-conditioner. It was
suggested to use the cheapest drivers and implement shortcircuit protection using current transformers. The signal of the
current transformers drives the protection circuit and provides
the response time of the short-circuit protection of 1 us. The
measurement circuit provides enough data for overcurrent,
phase loss and thermal protection and the algorithms of
detection of these faults are explained. The performance of the
proposed solution was examined at the experimental setup and
proved its reliable operation.
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drive, short-circuit protection

I.

INTRODUCTION

Voltage-source inverters are widely used in modern
electric drives. It is a reliable and well-established solution
for home appliance and industrial applications. The inverter
is made of IGBTs or MosFETs, drivers, driver power
supplies, and some extra elements such as capacitors, filters,
etc. The cost of the inverter is defined by the cost of its
elements and can be reduced if some tradeoffs are
implemented.
One of the ways to reduce inverter cost is implementation
of a bootstrap power supply for the top-side drivers [1, 2, 3].
Some protections can be ignored also, and the success of the
cheap solution depends on the probability of abnormal
situations.
This case study is devoted to the drive for the fan of the
conditioner. The conditioner is installed on a subway train
and the short-circuit protection is mandatory due to possible
inaccurate installation or problems with cable form the
inverter to the motor during lifecycle. Open-loop v/f control
is enough for operation of the motor, but the phase current
should be measured in order to protect the motor from
overload and phase loss.
By analysis of these operating conditions and
requirements the following ways to decrease the cost of the
inverter were selected:
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•

bootstrap power supply for the drivers;

•

cheapest drivers without any protection;

•

short-circuit protection implemented together with
current sensing.

The proposed solution utilizes cheap and reliable current
transformers, which bandwidth is high enough to implement
short-circuit protection of the inverter. The block diagram for
the inverter is given and the experimental results for shortcircuit tests are provided.
II. INVERTER DESIGN
A. Drivers
The removing of the driver protections from the inverter
design is based on the following inferences. The probability
of shoot-through current is zero, because this problem is to
be checked during software design stage and it can’t happen
during normal operation. If the shoot-through current occurs
due to some reasons [4], like malfunction of the driver, the
inverter will be burnt and protected from possible fire by the
fuse. Under-voltage protection is not necessary because the
low-side driver supply can be monitored by microcontroller
via its ADC. But the inverter should be protected from the
faults at the motor side, like insulation breakdown, short
circuit, loss of the phase. These protections should be
implemented using rapid output current sensing.
The replacement of the driver with embedded protections
such as HCPL-316J [5] ($3.1 approximately) with dual
unprotected driver such as HCPL-314J [6] ($1.9
approximately) saves more than $12 per inverter.
B. Current Sensors and Protection
Usually, the inverter needs at least two current sensors
for current measurement and protection of the motor. These
sensors can be closed-loop or open-loop Hall-effect sensors,
but they are relatively expensive. Shunt current sensors with
delta-sigma modulators require high-cost microcontroller
with special peripheral devices used for digital filtering of
the modulated bitstream. Direct measurement of the voltage
drop across the shunt in the bottom switch of the inverter is
not cheap [7] for the drives with the rated power higher than
1 kW, and it can’t surely protect the inverter from the short

circuit at the motor side, because the motor current is not
flowing through the shunts continuously.
As the driven motor operates in open-loop v/f control, the
current transformers can be used for current sensing due to
the fact that it is not expected to measure DC component.
The working frequencies of the fan are not exceeding the
range from 15 to 50 Hz, which is acceptable for the cheapest
current transformers on the market.
Another feature of the current transformers is that they
have very high bandwidth and can be used not only for
motor protection, but for inverter protection too. The inverter
protection is better to implement using analogue comparator.
In order to reduce number of comparator for positive and
negative waves, each signal can be rectified.
In case of short circuit current occur the rectified output
of the current transformer should be compared to some
reference voltage, and logic signal of overload condition
should be provided to the power drive protection input of the
microcontroller to block PWM. The schematics of the
proposed inverter and current measurement and protection
circuits is shown in Fig. 1.

There are several functions that should be implemented
to protect the electrical machine and to provide information
to the upper level system:
current measurement;

•

overcurrent detection;

•

phase loss detection;

•

asymmetric load.

A. Current Measurement
The motor phase current can be measured by tracking the
magnitudes of the rectified signal from the current
transformers during single period of the fundamental
harmonic. In normal operation mode the data from both
channels should be nearly equal. These data are to be used to
implement thermal protection of the motor.
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C. Phase Loss Detection
There are two options in case of phase loss. It may
happen in one of the phases equipped with current
transformer or in the third unequipped phase. In the first case
one of the signals goes to zero and remains there. In the
second case the both signals from the sensors start to be
identical with the same phase. The simplest way to detect
phase loss is to evaluate the discrete Fourier transform of
each signal and detect their sine and cosine components at
the double fundamental frequency by means of the following
equations:

V

W

Fig. 1. Schematic diagram of the low-cost inverter and overcurrent
protection circuit.
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III. FAULT DIAGNOSIS

•

B. Overcurrent Detection
The software overcurrent detection helps to detect stalled
rotor operation. It should be done by an instant analysis of
the signals coming from current transformers. If any of them
becomes higher than the reference value, the overcurrent
mode is detected.
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where N is the number of measurements during single
fundamental period, i[k] represents the phase current at each
point. If these components become identical this means that
the phase loss is occurred.
D. Asymmetric Load
In case of the inverter which fed two motors
simultaneously, the loss of the phase of one motor affects to
the current shape and can be detected too. Compared to the
previous scenario, the partial phase loss results in
asymmetric load distribution between phases. It can be
detected by means of analysis of the angle between second
harmonic components of the phase currents evaluated by (1):

ϕU = atan 2 ( I sine U , I cosine U ) ; 


ϕV = atan 2 ( I sineV , I cosine V ) . 

(2)

In normal operation under symmetric load the difference
between φU and φV is 2π/3. In case of asymmetric load, the
angle between them changes.
IV. FAULT DIAGNOSIS SIMULATION
The feasibility of the phase loss and asymmetric load
detection algorithms was checked using MATLAB model
from Fig. 2.
The phase loss was tested by turning off S1 switch in
Fig. 2. The current in this phase is measured in the model but
is not used by fault detection system. Fig. 3 represents the
transients and S1 was switched off (see Fig. 3a) at the
instance of time equal to 0.04 s. After that rectified signals of
the measured currents became overlapped and identical (see
Fig. 3c). The second harmonic components of those currents,
which were different in normal operation became identical
after a single period of fundamental frequency (see Fig. 3d).
This fact can be detected by control system.

Asymmetric load was tested by change of the of the load
in a single phase by switching S2 (see Fig. 2). The change of
the load in the single phase affects the phase shift of the
rectified measured currents. The load of the phase V was
reduced at the instance of time equal to 0.04 s (see Fig. 4a).
After that the magnitude of the current in this phase became
smaller and the phase shift between rectified measured
currents changed (see Fig. 4c). This can be detected by the
same Fourier transform as shown in Fig. 4d.

V. EXPERIMENTAL SETUP FOR SHORT CIRCUIT PROTECTION
TESTS
The experimental setup for investigation of the shortcircuit protection is presented in Fig. 5. It contains:
•

DC power supply;

•

the proposed invertor;

•

control board;

•

3-phase load;

•

protection system;

•

short-circuit switch.

DC power supply feeds the inverter with the rated
voltage of 320 V. Control board is based on microcontroller
and performs the inverter control. 3-phase load is an RL-load
of 2 kW and used instead of induction motor. short-circuit
switch is the electromechanical relay which performs shortcircuit between phases if the inverter.
•

An experiment is performed according to the
following sequence:

•

Inverter is run at the rated frequency and rated load.
Short-circuit switch is off.

Short-circuit switch is switching on and the transient is
obtained. The measured signals are: phase current, voltage
drop across sensing resistor of the current transformer, and
protection signal.
Fig. 2. MATLAB Simulink model for phase loss and asymmetric load
detection test.

The prototype of the inverter uses IGBT power module
FS30R06W1E3 from Infineon. The photo of the low-cost
inverter is shown in Fig. 6.
VI. EXPERIMENTAL RESULTS

Fig. 3. Operation of the fault detection under phase loss.

Fig. 7 shows the transient during short-circuit in the load.
When short-circuit occurred the phase current started to grow
until the voltage drop across the sensing resistor of the
current transformer reached the referenced value for
overcurrent protection. Then the blocking signal from the
protection system went down and blocked the PWM signals
coming from microcontroller. Though the protection is
already trigged, the current continued to grow more. This
happens due to propagation delay of the PWM signal in the
driver IC. After approximately 1 μs the phase current went
down because the IGBT switches went to the off state. The
phase current reached the peak value of 40 A and returned to
zero in 2 μs, that is safe for the power module.
VII. CONCLUSIONS
The proposed solution provides reliable short-circuit
protection for the low-cost voltage source inverters.
Additionally, the phase loss, asymmetric load, overcurrent
and thermal protections can be implemented by means of
software in the control system. The typical reaction time is
1 μs, that is enough rapid to ensure safe inverter shutdown.

Fig. 4. Operation of the fault detection under asymmetric load.
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Fig. 5. Experimental setup for investigation of the short-circuit protection.

Fig. 7. Transients during short-circuit operation: time 400 ns per division;
channel B (blue line) is the phase current (20 A per division); channel C
(black line) is the PWM blocking signal from protection system to
microcontroller (2 volts per division); channel D (green line) is the voltage
drop across the sensing resistor of the current transformer (2 volts per
devision).
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