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IM drive system supplied from PV panels with energy storage
– experimental setup
Abstract. The article describes a practical implementation of the induction motor (IM) drive system powered from photovoltaic (PV) panels. The
system incorporates an energy storage device, in form of a supercapacitor bank, and enables an AC grid connection. Two system concepts are
considered, thus a discussion about the favorable solution is given. A model installation was developed, and the chosen system components are
described. Laboratory tests have been conducted and the results are presented.
Streszczenie. W artykule opisano praktyczną implementację napędu z silnikiem indukcyjnym (IM) zasilanym z paneli fotowoltaicznych (PV). System
zawiera zasobnik energii, w formie baterii superkondensatorów, oraz posiada możliwość podłączenia do sieci AC. W pracy rozpatrzono dwie
koncepcje realizacji systemu oraz przedstawiono dyskusję dotyczącą korzystniejszego rozwiązania. Opracowano instalację modelową oraz opisano
wybrane komponenty systemu. Praca zawiera wyniki wstępnych badań laboratoryjnych (Układ zasilania napędu indukcyjnego z baterii
fotowoltaicznej z magazynem energii – model eksperymentalny).

Keywords: induction motors; photovoltaic systems; supercapacitors; variable speed drives.
Słowa kluczowe: silniki indukcyjne, systemy fotowoltaiczne, superkondensatory, napędy z regulowaną prędkością.

Introduction
Solar energy is considered as the most environment
friendly renewable energy source. Comparing to other
renewables, converting solar radiation into electricity
pollutes the environment to the smallest extent. As
technology advances, the efficiency of solar panel systems
is increasing, and in recent years, the price per kilowatt
peak power is dropping with a steady rate. Despite this fact,
solar panel systems are still costly, and large solar power
plants are economically justified in areas of appropriate
insolation. Even though, there are several applications,
where due to other considerations, solar power appears to
be a reasonable solution.
Very often water pumps, used in agriculture for field
irrigation, are installed in remote or rural areas, where the
industrial power grid is not available. In literature several
concepts of solar energy-based water pumping are
described [1 - 8]. Water flow is forced by the work of pumps
driven by DC [2] or AC motors [1, 5 - 9]. Thanks to their
robustness, simple structure and low cost, induction motors
are a common solution [1, 5 - 7].
Power generation from solar panels strongly depends
on the current weather conditions. In a straight forward
approach, when the solar radiation is sufficient, the
pumping system can operate, providing fresh water on the
field. The drive works intermittently. To make the system
more cost effective, electrical energy storage devices are
avoided [1, 5 - 8]. In this way, the system level of complexity
is reduced. In reference [1] a small power, mobile pump
system for water filtration purposes is presented. In
exchange for the lack of electrical energy storage, water
tanks can be applied, so that water is gathered for later use.
Even though, the power rating of the solar panel has to be
large enough, to enable motor start and satisfy the load
demand. In such systems motor stall is possible.
On the other hand, incorporation of a battery pack [2 - 4]
makes the installation independent from solar radiation and
expands the functionality of the solar water pump system.
For example, remote control through GSM network can be
implemented [2 - 4]. Reference [3] presents an automated
irrigation system for optimization of water use for
agricultural crops. Field tests were carried out and water
savings up to 90% were achieved in comparison with
traditional irrigation practices on the test agricultural zone.
What is more, thanks to energy storage devices, the power
rating of the solar panels can be lowered, and the risk of

motor stall is reduced. Even under low insolation conditions,
the energy can be cumulated in order to enable short-time
higher power values, which is perfect for intermittent mode
of motor operation.
Solar panels operate with the best efficiency at a
specific load current and output voltage. This is achieved
through implementation of a maximum power point tracking
algorithm MPPT. In batteryless systems the load demand is
regulated. Considering solar pump drives, the speed of the
motor can be adapted according to insolation sensor
readings [6] or various perturb and observe algorithms [1, 5,
7]. The command speed depends on load conditions. Thus
the control possibilities of the drive are reduced. A battery
pack enables independent speed control (when the stored
energy is sufficient) of the motor. MPPT is usually provided
by an additional DC/DC battery charging converter.
Reference [9] describes a batteryless AC drive system,
powered from solar panels, supported from the electrical
grid. The power rating of the photovoltaic battery can be
lower, and thus the system costs can be reduced. This
solution is completely independent from current weather
conditions.
Solar panel generation units are also a reasonable
solution in elevator applications. The presence of an
auxiliary source of power, supporting the AC grid, improves
the reliability of the drive system. Together with an energy
storage device, the system can provide some additional
safety features, which is crucial in elevator applications. For
example, in case of power failure, the stored energy is used
to supply the traction motor in order to move the cabin to
the nearest floor, open the door and enable the evacuation
of the passengers. In [10 - 12] elevator systems, powered
from a DC microgrid with solar panels and energy storage
units and an AC grid connection, are presented. The main
focus of the research was the elaboration of energy
management algorithms to optimize the operation of the
elevator drive system, and reduce the power consumption
from the AC grid.
This article describes a practical implementation of the
induction motor IM drive system supplied from photovoltaic
PV panels. The system incorporates an energy storage
device, in form of a supercapacitor bank, and enables an
optional AC grid connection. Two system concepts are
considered, thus a discussion about the favorable solution
is given. A model installation was developed, and the
chosen system components are described. Laboratory tests
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have been conducted and the results in form of selected
waveforms are presented.
Solar powered drive with energy storage
The presented in this article drive system consists of an
induction motor, powered from a solar panel array. The
general concept of the system, in form of a block diagram,
is depicted in Figure 1. Considering the moderate irradiation
conditions in Poland, the solution incorporating an energy
storage device has been adopted. The system can be used
in applications characterized by intermittent operation, like
water pumps for field irrigation or elevator systems.

Having regard to the intermittent operation of the drive
system, thanks to the presence of the supercapacitor as an
integral part of the installation, the power rating of the motor
can be larger than the nominal power generated by the
solar panels. In situations of cloudy weather, a small power
level can be achieved, but with the energy stored over a
longer period of time, the supercapacitor can deliver power
sufficient to start even a larger motor.
System structure considerations
The type and configuration of the power electronic
converters in the solar drive system determine its
performance and capabilities. For further research two
system structures were analyzed. The configurations are
presented in Figure 3 and Figure 4, and were denoted as
CONFIG 1 and CONFIG 2 respectively.
The IM is powered through a variable frequency
converter, in Figure 3 and Figure 4 denoted as P3, and
controlled by its inverter DC/AC part. The electrical energy
from the solar panels can be supplied via the DC link
terminals DC+, DC- of converter P3.

Fig.1. IM drive system supplied from PV panels block diagram

For energy storage purposes supercapacitors SC were
chosen. Even if their energy density is not comparable to
that of conventional electrochemical accumulators, like the
commonly used lead-acid batteries, their high power
density, large number of charge and discharge cycles
(approximately 1 million), shorter charging times and the
possible amount of stored energy, makes them compatible
with many industrial applications [13], like for example
elevator systems [9 - 13]. What is more, lead-acid battery
banks are heavy and expensive and their lifetime is
estimated to be one fifth of the lifetime of a solar panel [5].
As can be seen from Figure 1, the system does include
an optional industrial low voltage three phase grid
connection. In this way, the system becomes a more
reliable power source, so the operation of the load can be
ensured for example in emergency situations. In cases of
poor weather conditions, energy can be drawn from the grid
in order, if necessary, to fed the load, or it can be stored in
the SC, when the prices are low, for example at night.
The power flow is controlled by the means of power
electronic converters, and in the block scheme from
Figure 1, they are contained in the block denoted as PES.
This structure will be discussed in detail in the next section.
For the purpose of this research, an existing 690 W
solar panel system, installed at the parking lot of the
Electrotechnical Institute, was used. The solar panels are
presented in Figure 2, and their parameters are listed in
Table 1.
Table 1. Photovoltaic panels system parameters
Parameter
Value
Model
SANYO HIP-230HDE1
Configuration
Series connection: x 3
Maximum power Pmax
690 W
Open circuit voltage Voc
126.9 V
Short circuit current Iscc
7.22 A
Maximum power current Imp
6.71 A
Maximum power voltage Ump
102.9 V
Dimensions (one panel) W x L x T
(861 x 1610 x 35) [mm]
Sun position tracker
ETATRACK
2
o
Standard test conditions
1000 W/m , 25 C
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Fig.2. Solar panels installation used in research

The main aspect distinguishing CONFIG 1 from
CONFIG 2 is the location of the SC in the structure, which
in consequence strongly affects the function and
requirements for converter P2 in the system. This feature
also has influence on the principle of operation of converter
P1.

Fig.3. IM drive system supplied from PV panels with energy storage
– CONFIG 1
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The adopted motor is a 400 V (phase to phase RMS)
machine. To ensure proper operation, the DC link voltage
udc of converter P3 needs to be sustained on a high enough
level. In both configurations an optional connection to the
industrial electricity grid is assumed. The drive can be
powered solely by the solar panels when udc is kept higher
than the rectified three phase grid voltage provided by the
AC/DC part (three phase bridge diode rectifier) of converter
P3. In this way, the energy consumption from the grid is
disabled. This principle of operation, together with the
relatively low voltage output level generated by the solar
panels (cf. Tab. 2), enforces the boost character of
converters P1 and P2 regarding CONFIG 1, and converter
P2 as for CONFIG 2.

for systems characterized by intermittent operation, where
the motor power exceeds the power generation of the solar
panels, and the lack is covered by the energy stored in the
supercapacitor.
Table 2. Main modes of system operation and the corresponding
power conversion levels
Mode
Description
CONFIG 1 CONFIG 2
1
SOLAR: on, SC: charging
P1, P2
P1
IM: off
2
SOLAR: on, SC: charging
P1, P2, P3 P1, P2, P3
IM: on
3
SOLAR: off, SC: discharging
P2, P3
P2, P3
IM: on
4
SOLAR: on, SC: discharging P1, P2, P3 P1, P2, P3
IM: on
5
SOLAR: on, SC: off
P1, P3
P1, P2, P3
IM: on

Experimental setup
In order to perform laboratory tests, the system
presented in Figure 1 has been built. In the establishment,
components from former projects have been utilized and
are listed in Table 3.
The power of the adopted induction motor IM (cf. Tab. 3)
equals 3 kW and is greater than the 690 W of the solar
panels (cf. Tab. 1). Therefore CONFIG 2, presented in
Figure 4, has been chosen for further laboratory tests.
Fig.4. IM drive system supplied from PV panels with energy storage
– CONFIG 2

The level of insolation, at which photovoltaic cells are
exposed, determines the power they produce. The U-I
characteristics of solar panels are non-linear. The efficiency
of the conversion of sunlight into electricity reaches its best
performance at a specific output voltage. Several
techniques are described and applied in order to keep this
voltage on a desired level. In this way, maximum power
point tracking MPPT is achieved. Considering CONFIG 1, in
order to perform MPPT, converter P1 has to cooperate
either with converter P2, or with the inverter part of P3, or
together with both converters. In the first case, the drive has
to be stopped, and the energy is stored in the SC. In
situations when the IM needs to operate, but the SC is fully
charged, MPPT can be realized by adapting the output
voltage frequency command of converter P3, so that the
power consumption of the IM is altered. At last, when uSC
doesn’t exceed its maximum value, the surplus energy is
used to charge the SC, thus enabling independent control
of the drive. As for CONFIG 2, if the SC is not fully charged,
MPPT can be realized solely by P1.
Comparing CONFIG 1 and CONFIG 2 it can be seen,
that for the same modes of operation, the power flows
through a different number of conversion stages, i.e.
converters. Each conversion stage is associated with power
losses. The main modes of operation, together with the
number of conversion stages, are listed in Table 2.
From Table 2, in modes 2, 3 and 4 the number of
converters taking part in the operation of the system for
CONFIG 1 and CONFIG 2 is equal.
Considering mode 5, when powering the drive only by
the solar panels (the SC is fully charged or discharged)
CONFIG 1 has the advantage, because the operation is
associated with a smaller number of converters, than for
CONFIG 2. CONFIG 1 is more suitable for systems where
the nominal power of the solar panels is equal to the power
demand of the drive.
Mode 1 has to be analyzed together with mode 3. In this
case CONFIG 2 is more efficient. This solution is applicable

Table 3. Laboratory model system description
Part
Technical data
P1
DC/DC Interleaved Buck Converter (2 legs)
Pn = 1 kW (unidirectional power flow)
P2
DC/DC Interleaved Buck-Boost Converter
(3 legs), Pn = 20 kW (bidirectional power flow)
P3
LG-LS Variable Frequency Drive iG5a-055
5,5 kW; 12 A; Input: 3x400 V, 50 Hz;
Output: 3x400 V, 0 - 400 Hz
SC
Supercapacitor LSUM 129R6C 0062F EA
62,5 F; 129,6 V; Rs = 13,5 mΩ;
Estored=145,8 Wh; Imax=240 A
IM
Squirrel-Cage Induction Motor
Tamel 3Sg132M-8: Un=3x400V; Y conn.;
fn=50 Hz; Pn=3 kW; nn=720 rpm; Ifn=7,8 A;
η=0,84; cosφ=0,66; Tn=39,8 Nm
PMSG
Permanent Magnet Synchronous Generator
GenerVolt GV 132M16
Un=3x400V;fn=60 Hz; Y conn.; Sn=3 kVA; nn=450
rpm; Ifn=4,3 A; η=0,9; cosφ=1; Tn=69 Nm

Converter P1 is used to charge the SC and ensure
MPPT of solar panels. The scheme of converter P1 is
presented in Figure 5a. Converter P2 serves to boost the
voltage of the SC to the requirements of the DC link of
converter P3, which equals approximately 600 V. The
converter scheme is presented in Figure 5b. The structure
of P2 enables bidirectional power flow. In this way, when
the drive operates in generator mode, energy recuperation
is possible. Converters P1 and P2 have been realized in
interleaved technology. This solution consists of a parallel
connection of identical converters (legs), which can give a
number of advantages. The effective output voltage
frequency is higher. As a result the load current pulsations
are decreased. What is more, converter reliability is
improved, and the power ratings of necessary components
can be reduced [14, 15]. P3 is a commercial LG LS 5,5 kW
variable frequency drive and its structure is presented in
Figure 5c. The DC/AC part is a two-level three phase bridge
inverter operated with the volt/hertz control principle. The
AC/DC part is a three phase diode bridge rectifier. The
terminals U, V, W are used to connect the IM. The motor is
directly coupled with a 3 kVA permanent magnet
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synchronous generator PMSG. The drive test bench
includes an incremental encoder for speed measurements
and a torque sensor and is described in [16]. The PMSG is
connected to a variable resistance load RL. The built solar
drive laboratory model installation is presented in Figure 6
and Figure 7.

Fig.7. Solar powered drive test bench (including: converters P1, P2
and their DSP control board, supercapacitor SC, variable
resistance load RL)

Fig.5. Converter structures: a) 2-leg interleaved buck converter
(P1); b) 3-leg interleaved bidirectional buck-boost converter (P2); c)
variable frequency converter (P3)

Laboratory results
The proposed system is still under development. Some
first laboratory tests have been conducted, including a part
of the model installation. The results in form of selected
waveforms are depicted in Figure 8 and Figure 9.
During the test, the grid was disconnected. The solar
panels and converter P1 also did not take part at this stage
of research. The SC has been precharged before the
experiment started (cf. Fig. 8a). The waveforms have been
registered by RejDiag application, developed in the
Electrotechnical Institute. This program is operated from a
PC and it enables the communications with the DSP control
boards. The measuring points were as presented in
Figure 4. The PMSG was loaded with a constant resistance
RL of 67 Ω per phase.
In the experiment the command output voltage
frequency signal fe of converter P3 was changed, to adjust
the rotational speed nR of the IM (cf. Fig. 9b), so that it
should resemble an elevator moving from one floor to
another. After about 1 s fe was increased from 0 Hz to
30 Hz, during a 1 s interval, so the motor started and
accelerated with a steady rate. The DC link voltage udc,
presented in Figure 8c, decreased and when it dropped
under the trigger value of 530 V, converter P2 turned on, in
order to discharge the SC and maintain udc on the reference
value. After fe reached 30 Hz (t = 2 s) the IM started
constant speed operation. The developed torque Tm also
remains constant (cf. Fig. 9c). In this way, the mechanical
power demand Pm (cf. Fig. 9d), calculated as:

(1)

Pm 

n R  2π
 Tm
60

also remains constant. Converter P2 delivers power Pdc,
presented in Figure 9a, calculated as:

(2)

Pdc  u dc  idc

where: idc – output current of converter P2 [A],

Fig.6. Solar powered drive test bench (including: converter P3 and
its DSP control board, motor IM, generator PMSG)

The converters P1 and P2 are run by a control board,
incorporating a DSP TI TMS320F28335 microcontroller
together with a FPGA ALTERA CYCLONE III unit. The P3
converter is controlled by DSP TI TMS320F2812 unit.
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to the DC link of converter P3. The SC is being discharged,
so that the supercapacitor voltage usc, presented in
Figure 8a, decreases. In order to deliver constant power Psc,
presented in Figure 9a, calculated as:

(3)

Psc  u sc  i sc

the input current for converter P2 isc drawn from the SC has
to increase, which can be seen in Figure 8b. At t = 11 s, fe
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starts decreasing to reach 0 Hz, after another 1 s. The
motor decelerates operating in generator mode, thus udc
increases exceeding its reference value. Therefore
converter P2 regulates the current drawn from the SC to
0 A.
From the beginning of the test, the supercapacitor
voltage was deliberately set below the half of its nominal
value (cf. Tab. 3). Converter P2 needs to boost this voltage
to the level of the DC link voltage udc, so the boost factor
varies from about 10 at the start of the test, to almost 17 at
the end of constant speed operation. Converter P2 has
difficulties in maintaining udc on the reference value 540 V.
But despite those harsh conditions, the motor is still
operational, and the efficiency of converter P2 is
satisfactory: at t = 2 s it equals 92%, and at t = 11 s drops to
88% (cf. Fig. 9a). The voltage of the SC decreases, so in
order to deliver constant power to the drive, the current
drawn from the SC is increasing, thus the power losses in
the system also increase. This can be observed in
Figure 9a, where Pdc is on a steady level (constant speed
region), while Psc is increasing. The supercapacitor has to
cover for rising power losses due to the increasing
discharge current.

Fig.9. Solar powered drive test results: a) power drawn from the SC
Psc, converter P2 output power Pdc, b) IM shaft rotational speed nR,
c) mechanical load torque Tm, d) mechanical power at shaft Pm

In the article two system structures have been described
and compared. The relationship between the power of the
solar panels and the power of the drive determines the
more favorable solution. A model for laboratory tests,
including a 690 W solar installation and a 3 kW induction
motor drive system has been developed. Some first
laboratory tests including a part of the model installation
were conducted. The supercapacitor supplies the drive with
sufficient power, even in states of high depth of discharge.
The applied converter is able to boost the voltage according
to the requirements of the DC link of the inverter. Although
due to the high current drawn from the SC, the efficiency of
the boost converter gets affected. Therefore it is wise not to
let the SC get discharged under the half of its nominal
voltage. Besides, at that point there is only 25% energy left.
The system is still under research. Further tests,
including all components of the model, such as power and
efficiency measurements on each stage of power
conversion, need to be carried out.
Fig.8. Solar powered drive test results: a) supercapacitor voltage
uSC, b) supercapacitor current iSC, c) converter P3 DC link voltage
udc, d) converter P2 output current idc

Conclusion
The solar powered induction motor drive system, with
energy storage in form of a supercapacitor and possible
grid connection, has been presented. The system is meant
for application with field irrigation water pumps and
especially elevator installations.
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