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Abstract

Vectorial control based drives are widespread across induction machine applications, but not
commonly found in ultra low-power machines. This research shows that applying field oriented
control to two-phase induction machines should replace single-phase machines in daily applications to
improve efficiency and promote a sustainable use of the electric grid. Accordingly, the mechanical and
electrical parameters were experimentally calculated to characterise the studied machines. With the
help of simulations, firmware was developed for the used microcontroller implementing field-oriented
control. After tuning the controller gains, its sensitivity towards variations of the rotor time constant
was verified. Good performance was observed in reference-tracking and in transient responses to
load variations. Using a motor-generator apparatus, torque-speed and efficiency-speed curves were
obtained and machine losses were analysed. Despite the system’s limitations, the developed drive
proved to be economic and showed a satisfactory performance.
Keywords: Two-Phase Induction Machines, Field Oriented Control, Regeneration, Machine Losses

1. Introduction

The development of Internal Combustion Engine (ICE) vehicles revolutionised society, contributing
to the growth of modern technology, economy, and many other fields of importance. The seductive access
to this technology led to its overuse worldwide, causing environmental problems to emerge, harmful to
human life. Global warming and the depletion of earth’s fuel resources are problems of primary concern.
It is expected that 47 years from now, the oil reserves will be empty or near the end [1]. In the case
of vehicles, sustainable mobility is being researched, aiming cleaner alternatives to conventional vehicles.
Developments in electric machinery, control theory and power electronics led to Electrical Vehicles (EVs),
hybrid electric vehicles, and fuel cell vehicles.

This research intends to apply a modern digital field-oriented controller to Two-Phase Induction
Machines (TPIMs), proving that such topology should replace single-phase machines in ultra low-power
daily applications, like fans and pumps, reducing power consumption and improving the sustainable use
of the electric grid. The concept of regeneration will also be explored.

1.1. Induction Machines

Electric machines are divided into Alternate Current (AC) machines and Direct Current (DC) ma-
chines. AC machines can be divided into AC brushed, synchronous or Asynchronous Machines (AMs),
also called Induction Machines (IMs) [2].

The first two prototypes of rotating Electrical Machines (EMs) are associated with the work of Ferraris
(1885) and Tesla (1886) [3]. Despite the evolution of IM topologies, the physical principle remains the
same. Some multiphase AC power source is fed to the stator windings, producing a revolving field, which
induces voltages that produce currents in the short-circuited rotor windings. The interaction between
the stator produced field and the rotor induced currents generates torque, thus operating the IM. As
the torque at zero rotor speed is non-zero, the IM is self-starting. The development of high-performance
efficient drives led to the widespread use of AMs in variable speed applications across the industry.

1.1.1 Modes of Operation

The AM can be operated in motoring, generating and plugging modes [4]. If the stator coils of the
IM are excited with sinusoidal currents, a rotating magnetic field will be created, causing the rotor to
rotate in the same direction of the field. This is the motoring mode of operation, where the speed nm is
less than the synchronous speed ns. However, if a DC motor coupled to the shaft of the IM is excited in
such a way that the speed nm of the rotor is higher than ns and the system rotates in the same direction
as the stator rotating field, a generating torque will be produced, and the generating mode is reached.
Plugging operation is out of the scope of this work.
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1.1.2 Mechanical Equation

As presented in [5], the electromagnetic torque τe developed by the machine and the time evolution
of its mechanical speed ωm is: {

τe = np Im
{
ψ̂∗
s îs

}
= np Im

{
î∗sψ̂s

}
J dωmdt = τe − τL − τrot

(1)

, with np the number of pole pairs, τL the load torque, τrot = Bωm is the rotational loss torque, J the
machine’s moment of inertia and B the mechanical friction coefficient.

1.1.3 Dynamical Model in the Field Frame

Adapted from [5] and [6], this model assumes quasi-balanced machine operation: stator phase com-
ponents are allowed to have small differences, but with balanced rotor components. In this frame, the
flux is aligned with the d-axis, meaning that φfrd = |φ̂r| = φr and φfrq = 0. Accordingly, the dynamic
model of the AM can be written in the field frames as follows:
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, where Tsk is the stator time constant for phase k = α, β, Tr the rotor time constant, σk the total leakage
factor and ku expresses unbalances in the phases, defined as follows:
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LrLsk
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; k2u =
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Torque equation is found from the definition in (3), leading to:

τe = npkτφrisq , with k2τ =

(
MsrαMsrβ

Lr

)2

= (1− σα)Lsα(1− σβ)Lsβ . (4)

1.1.4 Motor-Generator System Power Balance

A set-up of two machines mechanically coupled is used to infer their performance, where one of the
AMs is in motoring mode, while the other works as a generator. The motor is supplied with some input
power Pin and, after considering the losses, transforms some part of Pin into mechanical power Pmech.
In steady-state, dωm

dt = 0, and Pmech minus the system mechanical losses, Prot, is the power delivered
through the shaft to the generator, Pshaft. After accounting for the generator losses, the remaining part,
Pout, is delivered to the batteries connected to this machine. The overall efficiency is the ratio between
the generated power Pout and motor input power Pin.

1.2. Two-Phase Power Drives

Single Phase Induction Machines (SPIMs) are mostly fed with a single-phase AC source of constant
frequency, especially in our houses, where a two-phase and three-phase supply is not available [7, 8].
In such arrangement, the drive system is mostly non-existent or poorly developed and outdated. The
machine’s efficiency and performance can be improved if a low-cost efficient and high-performance drive
system is used, changing the single-phase to a two-phase arrangement. In low-cost applications, one can
find two-phase Voltage Source Inverters (VSIs) with two, three and four legs to drive such machines. The
chosen topology was a four-leg full-bridge VSI [9]. Space Vector Modulation (SVM) programmed into
the Microcontroller (µC) unit is responsible for properly switching the semiconductor devices, in order
to apply Pulse Width Modulation (PWM) voltages in both machine phases, thus achieving sinusoidal
currents of the desired frequency. The block receives the absolute values of the space vector voltages in
the stator reference frame. By regulating the voltage space vector’s amplitude and frequency, machine
control is achieved. To implement SVM, the following rules must be met: the trajectory of ûss should be
a circle; only one switching per state transition is allowed; not more than four switchings per period can
be observed and the final state of one sample must be the initial state of the next [10].

1.3. FOC Scheme

Introduced in 1972 [11], the basic idea of this scheme is to develop a control structure for the AM
similar to that for the DC machine, aiming decoupling of the process models of torque and flux.

Given (2) and (4), the q component of the rotor flux is zero, once that is aligned with the d axis.
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Control is being implemented in such a frame whose rotating speed is equal to the rotor flux revolving
velocity, in which all control variables are DC quantities, in steady-state.

The reference value for the q component of the stator’s current in the field frame can be computed
from (4). The d component reference is calculated assuming constant flux in (2). Hence:{

i∗sq = 1
npkτφ∗

r
τe∗

dφr∗
dt = 0⇒ i∗sd = φ∗r

(5)

Consequently, torque and flux processes are decoupled from each other. Current isd defines the flux,
normally set to the rated one. As this is maintained constant, torque is regulated by controlling isq.
Slip-torque proportionality is implied in the following relation, derived from (2):

ωs − ωm =
1

TrKuφ∗r
i∗sq (6)

Knowing the stator’s current reference value, closed-loop control can be applied with Proportional-
Integral (PI) compensators, as depicted in figure (1). The current reference values in the rotor field frame
are transformed to the stator-fixed frame, compared with the measured ones and the error signal is fed
to PI controllers. After determined, the stator voltage components are applied to the SVM block [12].

Figure 1: FOC scheme as presented by [6].

2. Machines Characterization
2.1. Machines Modification

The studied AMs were originally washing machine’s single-phase motors, of the squirrel-cage type,
with a split capacitor. The coil connections were modified to allow the required two-phase topology -
the capacitor was thrown away and the coils were connected in parallel, leading to a phase impedance of
about 50% of the original one. To achieve a specific current value, the required voltage will be lower by
the same factor. Originally, these motors were designed to a nominal Root-Mean Square (rms) voltage
of 230 V, which means that the DC peak value is 230 ×

√
2 ≈ 325.3 V. Hence, the new nominal rms

voltage is 115 V, corresponding approximately to a DC peak value of 162.6 V. If the motors are to be
driven from an inverter, the working DC bus voltage should then be around 162 V. However, due to the
limitations of the used driver, namely its maximum allowed voltage, the DC bus voltage is Ubat = 52.8
V. This is around one third of the new nominal value. Therefore, the rated working point will not be
achieved, which may compromise the performance of the machine.

2.2. Mechanical Parameters Estimation

The mechanical parameters were experimentally calculated following two different experimental pro-
cedures. The first method consists of a no-load deceleration test followed by a near-constant torque
test [13]. The second method followed the classical way, consisting of a deceleration test followed by a
segregation of the machine’s losses [2]. The results are shown in table (1).

Method 1 Method 2
Quantity (units) Value ± Error Uncertainty (%) Value ± Error Uncertainty (%)
J (×10−4 kg.m2) 3.3 ± 0.1 3.0 2.6 ± 0.2 7.7
B (×10−6 N.m.s) 140 ± 10 7.1 26 ± 2 7.7

Table 1: Estimated mechanical parameters.

Comparing both methods results for the moment of inertia, the same order of magnitude is veri-
fied, indicating precision on the estimated values. However, no comparison can be established with the
manufacturer data, once that no information is given about J in the nameplate of the motor.
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Concerning the calculated values for B, method 1 result is one order of magnitude greater than the
one estimated following the second procedure. It was observed that, if the value of B from method
1 is assumed, friction and windage losses are underrated and do not agree with the results from the
segregation of losses. Therefore, the accepted values for J and B are those obtained following method 2.

2.3. Electrical Parameters Estimation

The accurate knowledge of machine’s parameters is critical to the control algorithms performance.
Mainly, the Field Oriented Control (FOC) method is quite sensitive to the value of the rotor time
constant Tr. Therefore, three different procedures were followed to determine the electrical parameters
of the studied machines. A variable frequency test, a DC step excitation test and the classical set of
locked-rotor and no-load test were carried out.

Motor Phase Parameter Estimated Value Uncertainty (%) goodnessOfFit (%)

M1

α

Rsα (Ω) 19.9 ± 1.0 5.0

85.8
Tr (ms) 12.2 ± 2.0 16.4
Tsα (ms) 26.0 ± 2.6 10.0
σα 0.033 ± 0.004 12.1
Lsα (mH) 517.4 ± 58.0 11.2

β

Rsβ (Ω) 14.6 ± 0.8 5.5

86.3
Tr (ms) 12.4 ± 1.9 15.3
Tsβ (ms) 28.1 ± 2.5 8.9
σβ 0.037 ± 0.004 10.8
Lsβ (mH) 410.3 ± 42.9 10.5

M2

α

Rsα (Ω) 20.0 ± 1.0 5.0

84.8
Tr (ms) 11.5 ± 2.1 18.3
Tsα (ms) 27.1 ± 2.8 10.3
σα 0.045 ± 0.005 11.1
Lsα (mH) 542.0 ± 62.1 11.5

β

Rsβ (Ω) 14.8 ± 0.9 6.1

86.1
Tr (ms) 11.9 ± 2.1 17.6
Tsβ (ms) 28.5 ± 2.9 10.2
σβ 0.052 ± 0.005 9.6
Lsβ (mH) 421.8 ± 49.2 11.7

Table 2: Estimated electrical parameters using DC step excitation data.

The resulting data from the DC step excitation test, shown in table (2), presents good agreement
between motor 1 and motor 2 results. Matlab parameter goodnessOfFit is higher than 80% in every case,
indicating the method’s satisfactory precision. Also, the estimated stator resistances are very similar to
the multimeter measured ones. Therefore, this set of data was accepted and used onwards. However, it
was verified that any method could be used to estimate the order of magnitude of the motor parameters.

3. Implemented Firmware

Sensing Units Current sensing was accomplished making use of two transducers LEM: LTSR 25-NP,
installed in a breakout board. Concerning speed sensing, an encoder was designed with 32 teeth, to be
coupled to the motor’s shaft. After the 3D model project, a 3D printer was used to bring the design to
life. A photogate was also used, supplied directly from the µC board with 5V. Its output was connected
in such a way that when a tooth of the encoder passes the photogate, the output voltage level changed
and a square signal was generated, whose period is related with the mechanical speed of the motor nm.

3.1. Used Peripherals

The developed firmware implementing the machine’s controller made use of several peripheral modules
of the used microcontroller - dsPIC33FJ128MC804. The Input Capture (IC) allowed the computation
of the rotor’s velocity using the photogate-encoder apparatus already described. This peripheral was
set using Direct Memory Access (DMA), which is a very efficient mechanism of copying data between
peripherals, and buffers or variables stored in Random Access Memory (RAM), with minimal CPU
intervention [14]. The IC interrupt service routine was set to trigger in every rising edge. The Analog-
to-Digital Converter (ADC) module is used to give the controller information about the phase currents,
measuring the voltage output of the current transducers. Each conversion took around 1.2 µs. The
resultant digital value was set to be in the fractional Q15 format, which means a 16-bit integer, where
the most significant bit is the sign bit. The majority of the firmware variables were defined this way,
thus allowing the use of the hardware built-in functions and the Digital Signal Processing (DSP) engine
libraries. Other auxiliary variables were typically defined as integers or unsigned integers. The ADC
module also used the functionalities of the DMA unit. Motor Control PWM was used to generate
periodic pulse waveforms to feed the machine’s phases according to the SVM technique. Finally, the
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Universal Asynchronous Receiver-Transmitter (UART) peripheral was used to receive user commands
and to report relevant data concerning the control process. This module was configured to communicate
through a serial port, using the FT232L, which interfaces Universal Serial Bus (USB) with serial UART.

3.2. Overall functioning of the processor unit

The instruction frequency was set to 40 MHz (25 ns per instruction). In FOC drive scheme, there are
two main control loops - the current loop and the speed loop. They operate with different frequencies.
Currents control loop is issued in the Motor Control PWM interrupt routine. PWM waves frequency
was set to be 19.55 kHz, corresponding to a period of 51.51 µs. However, by tuning the postscaler value
of this module, the interrupt routine was set to a frequency five times smaller, approximately equal to
4 kHz, with a corresponding period of 250 µs. Comparing this value with the rated electrical frequency,
one concludes that the current control loop happens 80 times inside one electrical period. Concerning the
speed control loop, this one is responsible for determining torque and current reference values. This loop
is issued every time a capture event is triggered. Its frequency will be equal to the encoder number of
teeth times the mechanical frequency. For the rated speed, speed control frequency is equal to 1.6 kHz.
Nevertheless, for an electrical period, speed control will always be triggered 32 times.

Figure 2: Close-up of the instrumentation board. Figure 3: Motor-Generator belt-coupled.

3.3. Motor-Generator System Set-up

Such a system, composed of the two machines under study, was mounted, as shown in figure (3). Two
coupling pieces were designed and printed. Each one allowed a nut to be docked to it, being then screwed
to each machine’s shaft, thus allowing mechanical coupling between them, through a toothed belt.

4. Results
4.1. V/f Profile

The knowledge of the machine’s Voltage/frequency (V /f) profile was experimentally inspected - oper-
ating the motor at no-load, a certain value of frequency was imposed, regulating the voltage accordingly
to obtain a constant stator current rms value in each frequency.
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Figure 4: Experimental V /f profile. The theoretical points in blue squares were linearly extrapolated from the
first experimental points, in black.

The results do not follow the typical behaviour. Above a frequency value around 25 Hz, the voltage
is limited, which makes sense once that the available DC bus voltage is far below the nominal point
(33% of the rated voltage). The observed results traduce the increasing of the motor’s impedance as
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the frequency rises. At the referred critical value of frequency, the impedance of the motor starts to ask
for more voltage to maintain the stator current constant. The blue diamonds in figure (4) indicate the
expected points if no voltage limitation exists.

If this set-up is maintained, a V /f -based drive will only work correctly until the critical frequency
value, meaning that only until 1500 RPM constant flux operation is achievable. Beyond this value, torque
will be compromised, and constant flux operation not verified. Therefore, results for FOC scheme will also
have this limitation and so, high-performance regarding torque and efficiency is not expected. However,
the controller’s transient dynamics may not be critically affected.

4.2. FOC Performance Characteristics

The following tests were carried out to investigate the performance of the developed FOC drive.

4.2.1 Sensitivity to Rotor-Time Constant

The exact knowledge of the rotor-time constant is critical to the FOC performance [5]. Inspired on
the tests in [15], the acceleration curves to a fixed speed set-point were recorded with different rotor time
constants Tr assumed in the firmware. The machine was loaded with its twin working as a generator.
Variations of 10, 30 and 50% of the Tr parameter were tested, always keeping the load constant. It is
assumed in this point that the PI gains were correctly set and were the optimal ones.

Figure 5: Acceleration curves with speed reference set at nref = 3000 RPM with different rotor time constant Tr
values. Motor 1 loaded with machine 2 functioning as a generator, this latter working with an electrical
frequency indicated by the red-dashed line.

As shown in figure (5), the controller’s performance dependence on the rotor time constant is verified.
For higher rotor-time constants, the controller takes less time to bring the system to the desired mechanical
velocity. Nonetheless, it was observed that for a variation of ∆Tr = +30 %, the controller showed a better
steady-state performance. This may indicate that the assumed original value may not be the exact one.
As so, the new considered value for the rotor time constant is 13.4 ms. Recalling the estimated value for
motor 1 via the DC step excitation test from table (2), it can be seen that the new value is inside the
error interval. Accordingly, this test was helpful to tune the rotor’s time constant.

Figure 6: Sudden Load Variation Test result.
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4.2.2 Sudden Load Variation Test

Keeping the motor mechanically linked to the generator, the test starts by accelerating the motor under
test until a certain reference value, with the generator electrically OFF. After steady-state was achieved,
the generator is turned ON, corresponding to the maximum handled load at the selected reference. After
the transient and steady-state achieved, the generator is electrically disconnected, meaning that the
mechanical load is again only the system’s inertia.

Rotor speed, velocity reference and stator phase β current are shown in figure (6). The moments
where the load is introduced and removed are also indicated. It is observed that the controller’s response
to sudden load variations meets the expected behaviour. The current magnitude rises when a load
is connected along with the frequency, corresponding to higher slip and thus larger produced torque.
When the load is disconnected and steady-state is achieved, the currents retrieve the same frequency and
magnitude exhibited before the load was imposed.

4.2.3 Reference Tracking

This test consisted of varying the set-point speed in consecutive steps, waiting for the system to reach
a steady-state for each imposed reference. The magnitude of the step was not always the same. Along
with the speed reference, rotor’s speed and stator phase currents were recorded and are presented in
figure (7). The motor under test was loaded with the generator, but with the latter turned OFF. As so,
the load was approximately twice the motor’s inertia.

Figure 7: Consecutive steps in velocity reference and motor response under FOC, with the optimal value ∆Tr =
+30 % set. Phase currents are also shown.

The controller’s response to different steps and reference values was satisfactory, tracking successfully
the consecutive set-points. However, considerable overshoot was verified for larger steps (about 20%
overshoot). For the remaining smaller steps, reference tracking was rapidly achieved with a smooth
transient behaviour. Higher currents were registered for low velocities, as expected - smaller frequencies
imply smaller motor impedance and smaller stator back-electromotive forces, leading to larger currents.

4.3. Motor-Generator Experiment Results

With both machines belt-coupled, one was driven to work in the motoring mode and the other as a
generator. The motor was working with FOC scheme and a set point of nm = 3000 RPM was chosen.
The generator’s frequency and voltage could be manually set, thus changing the motor’s load. In this set
of points, the highest generated power achieved was 2.17 W, corresponding to a motor slip of 25 % and a
generator slip of -43%. This operating point corresponds to the maximum registered overall efficiency of
the system, reaching 10.8 %. Accordingly, from the total input power of the motor, only 10.8 % reaches
the batteries connected to the generator.

4.3.1 Torque and Efficiency

The determined electromagnetic torque and efficiency curves for the motor are presented in figure (8).
Comparing the obtained torque curve with the conventional ones [4, 16], it appears that the rotor

resistance is high, once that no maximum for small slips is registered. This may be due to the carried
out modifications, once that only the stator coil arrangement was changed to a lower value, but the rotor
remained unaltered. Thus, all parameters were affected to a lower value, except the rotor’s resistance.
This effect of increasing rotor resistance in the torque-speed characteristic is shown in figure (9).
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Concerning efficiency, its initial behaviour is similar to the expected - as the slip increases, efficiency
rises rapidly. The registered maximum is 38%, at a motor slip of 20%. After the maximum is reached, it
would be expected an efficiency drop. However, the collected data range does not exceed 27% slip.

Figure 8: Motor developed electromagnetic torque τe and its
efficiency as a function of slip.

Figure 9: Influence of increasing rotor resis-
tance R2 in torque-speed curves [4].

Althought not shown here, the same calculations were made in the case of the generator. In this
case, the magnitude of the obtained torque values is smaller than those determined for the motor, as
expected. In fact, torque is dependent on the square of the stator voltages [4, 16], and those imposed
on the generator were smaller. The maximum torque, of 19.1 mN.m, was registered for a slip of -50%.
This may indicate that the maximum motor torque that could be obtained would be in a slip value near
+50%, which is outside the collected data range. As so, this enforces the hypothesis of a high value of
rotor resistance caused by the carried out modifications. Concerning the generator efficiency, a maximum
of 44 % was registered for a slip of -24 %. Efficiency expected tendency is observed - rapid increase to
a maximum value and then a decrease as slip turns larger, in absolute terms. The maximum efficiency
values registered for both operations are in the same range of slips.

Figure 10: Power losses and shaft power as a percent-
age of input power Pin as a function of slip,
for the machine operating as a motor.

Figure 11: Power losses and output power as a per-
centage of the mechanical input power of the
generator Pshaft, as a function of slip.

4.3.2 Power Balance

The motor power balance is shown in figure (10). In this set of data, both rotor losses and iron losses
increase with slip. Friction and windage losses are the dominant losses, showing high values for smaller
slips. The fraction of the input power delivered to the shaft increases with slip, staying nearly constant
for slips higher than 10%. Generally speaking, for slips above 10 %, the amount of power transferred to
the shaft represents a 40% fraction of the input power as the remaining portion is dissipated in losses.
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From this value of slip on, stator losses portion remains approximately constant. Iron losses and rotor
copper losses increase but the mechanical losses fraction decrease.

Power balance data concerning the generator machine is depicted in figure (11). Note that the
rotational losses of the system were lumped together in the motor data. As the electrical frequency
deviates from the mechanical one, efficiency tends to rapidly increase until a maximum is reached and
then decrease again. As a matter of fact, the maximum fraction of received power that is transferred
to the batteries is registered for small values of slip, around -20 to -40 %. In this range, stator losses
are about 30% of the input power and rotor losses increase, opposed with iron losses. For higher slips,
copper losses, both in stator and rotor, represent, if summed, about 70% or more. Iron losses are almost
neglectable in this machine, once that the imposed voltages were also low. In fact, for slips higher than
-20 %, they only represent less than 4% of the total input shaft power.

4.4. Regeneration Cycle

To investigate what happens during a regeneration cycle in the generator, one phase voltage and the
current that passes in the corresponding half of the inverter were recorded. The current that flows from
the batteries was also acquired. Bridge current in the relevant half-part of the inverter, ihalfbridge was
then plotted against the phase voltage usα, simulating the XY-mode of the scope.

Figure 12: Phase voltage as a function of the corresponding half-bridge current. Green shaded area indicates
power flow towards the batteries. Red area indicates the opposed power flow.

As expected, the regeneration mechanism has twice the electrical frequency of the phase voltage, once
that, from the bridge point of view, when the voltage changes sign, the current evolution will have the
same effect and has the same sign. As so, the plot curve has a vertical line of symmetry defined as
usα = 0. The regenerated power corresponds to the area shaded in green in figure (12). It corresponds
to negative bridge currents and represents 3.7 W. When the opposed is verified, it translates power that
is transferred from the batteries to the machine - in order to magnetise it. The red area traduces an
amount of 1.2 W. The subtraction between those two is 2.5 W and indicates the net amount that flows
to the batteries, which is verified if this power is computed through UbatIbat = 12.6× 0.195 ≈ 2.46 W.

5. Conclusions

A FOC drive for TPIMs was developed. The implemented controller showed satisfactory performance,
both in reference tracking and in its response to sudden load variations. Sensitivity of the controller to
the rotor’s time constant was verified, concluding that it took more time to drive the system to the
speed reference if the parameter is underrated. Furthermore, the machine’s parameters were estimated.
Regarding the mechanical parameters, two different methods were tested. Concerning the electrical
parameters, DC Step Excitation proved to be the most precise method of the three followed procedures.

With the mounted motor-generator set, torque-speed and efficiency-slip curves were obtained, for
both motor and generator operations. Power balance and study of losses was carried out. In a general
way, it was seen that rotational losses and stator copper losses were the most relevant ones. Rotor losses
were verified to increase with slip. The maximum registered efficiency in motor operation was 38% ,
for a motor slip of 20%. Concerning the generator, the efficiency had a maximum value of 44 %, for
a generator slip of -24%. Maximum efficiency occurs around the same values of slip, in both modes of
operation. Regarding the overall efficiency of the motor-generator system, its tendency was very similar
to the generator’s efficiency and a maximum value of 11% was verified for a generator slip of -43%.

A regeneration cycle was analysed, verifying that from the total amount of power that flows in one
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electrical period, 75% of it is fully delivered to the batteries.
To improve the accuracy of the collected data in future experiments with the same apparatus, voltage

limitations should be removed. If the same motors are to be studied, it is recommended that the operating
DC bus voltage be increased to, at least, 163 V. It is also suggested that the mechanical coupling between
the two machines be improved, to reduce the relevance of the rotational losses. Appropriately coupling
the shafts directly, with the machines in a face-to-face position, could be a solution.

Concerning the developed drive, fine tuning of PI gains of the speed controller is recommended to
remove the registered overshoots. Moreover, although field weakening was implemented, in its basic form,
no study of it was carried out, once that at higher frequencies, voltage limitation already existed. If this
limitation is to be removed, its performance should be inspected. Once that regeneration was only verified
as a proof of concept, it is recommended an intensive study on the improvement of its performance.

In the future, it is suggested to integrate the experimental characterization of the machines in an
intelligent FOC drive that could drive a wide variety of AMs, inside a given range of power. Such
an intelligent drive, when a new motor is connected, would automatically characterise it and adapt its
FOC scheme accordingly to grant an efficient operation. Another interesting challenge would be the
implementation of an online adaptation scheme of the rotor-time constant or a rotor-flux observer.
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