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OPEN A dual doubly-fed generator

system supplied by a five-phase
voltage inverter

Krzysztof Blecharz"™ & Dmytro Kondratenko

The paper presents a new conception of applying a system configuration of two machines supplied by
a five-phase inverter with a common leg. The space vector pulse width modulation (SVPWM) technique
was used for the given configuration of the dual generator system to ensure a dual three-phase output
from a single five-phase inverter. Supplying two three-phase doubly-fed induction generators (DFIG)
with a five-phase voltage source inverter (VSI) is not new. Two- and multi-motor drive systems are
widely used in industry. Electric vehicles (EVs) and traction systems are the most popular application
areas. However, there are no solutions for generator systems. The main idea of this paper is to apply a
dedicated SVPWM technique for two-motor systems as an alternative to a two-generator system. The
output voltages of the five-phase inverter supplying two three-phase rotors for both generators can
be generated independently, with different frequencies and amplitudes. The concept of independent
control of two generators using the field-oriented control method was verified in an experimental
system for 2kW generators. Tests confirmed the usefulness of the proposed solution, with the ability
to independently control each generator, as well as the effectiveness of the modulation strategy used
to generate high-quality energy with low voltage harmonics. The THD values for the voltages of both
generators did not exceed 5% in any of the cases considered.

Keywords Doubly-fed induction generator, Counter-rotating wind turbines, Five-phase power converters,
Dual three-phase drives

Counter-rotating rotor systems with two propellers are used as solutions in many areas, such as pumped hydro
storage system' Or ocean wave energy converters?, and wind energy harvesting systems3’6. The counter-rotating
propellers have several advantages, such as removal torque reversal and gyroscopic torque, resulting in increased
maneuverability, wake straightening, and the second propeller recovering the energy lost in the fluid’s rotation
flow rate. A promising area of application of this type of solution is wind energy. The commercial wind power
industry’s most common turbine design solutions include single-rotor designs. According to Betzs theory,
the maximum power that can be extracted from the wind by a single-rotor turbine is about 59% of the total
available wind energy. In practice, the energy in the wake behind a single rotor can still be useful. Installing a
second rotor in the wake can further extract part of this useful energy. Simultaneously, the maximum energy
that two rotors of the same diameter can extract is increased to 64% of the available energy, the theoretical
limit for two rotors’. A counter-rotating wind turbine (CRWT) system consists of two rotors separated by an
appropriate distance depending on the aerodynamical features of both turbines. One of the rotors rotates in a
counter-clockwise direction, and the other in a clockwise direction. As shown in Fig. 1 in CRWT designs, there
are two configurations. In the first case, the rotors are placed right behind each other, creating an upstream
and downstream rotor configuration. In the second case, the rotors are placed at a certain distance. In both
configurations, it is necessary to use two electric generators for each turbine separately or one specially designed
generator for both.

In the classic approach, the configuration of a system of two cooperating three-phase doubly-fed generators
requires two separate three-phase inverters connected by a common DC-link circuit powered by a grid-side
inverter. This topology allows for bidirectional energy flow between the machine part of the system and the
power grid, which is important because the directions of power flow depend on the operating points of individual
generators. Such a system can be connected to the power grid or work in a stand-alone grid configuration. The
considered two-generator system powered by a voltage source inverter (VSI) topology with five leg eliminates
two switches compared to the standard VSI configuration with two independent three-phase inverters. This
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Fig. 1. Dual rotors wind turbine configuration: tandem (a) separate (b).
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Fig. 2. Configuration of the dual doubly-fed generator system.

structure offers a simplified configuration of the machine inverter and the ability to control two three-phase
generators using only one digital signal processor (DSP)%°.

A five-leg VSI feeds two three-phase doubly-fed induction generators, as shown in Fig. 2. The two generators
share the output leg of inverter A with rotor phases a1 and az. Inverter branches B and C are connected directly
to rotor phases b1 and c1, respectively, of generator A. Inverter branches D and E are connected to rotor phases
b2 and c3, respectively, of generator B. The shared leg of the five-phase voltage inverter is marked in red.

In the literature, drive systems with two three-phase machines powered by a common 5-phase inverter are
described only to drive systems with induction motors or permanent magnet synchronous motor!'“!!(PMSM).
This topic is also widely described from the point of view of the pulse modulation technique, which is
characterized in the next section of the text. However, the literature lacks descriptions of solutions dedicated to
generator systems and application problems related to this type of solutions.

This article presents a new concept of a dual doubly-fed induction generator system configuration fed by a
five-phase inverter with a common leg. This solution seems interesting for application in counter-rotating wind
turbines with two generators. It allows control of both generators from the microprocessor controller of only one
bidirectional power converter. The main contributions of this article are:

« Conception of Dual energy generation system based on a two three-phase doubly-fed induction generators;

« Adaptation on the simplified SVPWM technique for a five-leg inverter with dual three-phase output;

 Experimental validation of the proposed configuration with control system based on field-oriented control
method;

This paper is organized as follows: First, it presents the configuration of the dual doubly-fed induction generator
system, with a description of the applied SVPWM algorithm dedicated to the two-machine system application
with a five-phase inverter and the presentation of the field-oriented control structure. Next, it presents the test
bench configuration and the results of experimental tests for the system’s steady and characteristic dynamic
states. Finally, it contains a discussion and summary.

Dual generator system fed by five-leg VSI

Five-phase voltage source inverter topology

Figure 3 illustrates a dual generator system configuration in which a five-phase voltage source inverter powers
two doubly-fed, three-phase induction machines, thereby eliminating the need for two transistor switches
compared to a conventional dual three-phase voltage source inverter system. This change simplifies the inverter
and converter design, allowing control of two three-phase generators with a single digital signal processor
(DSP). This solution enhances the overall system control algorithm’s efficiency while also reducing capital costs,
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Fig. 4. The general principles of the SVPWM technique for five-phase inverter with dual three-phase output.

offering a cost-limited alternative to the traditional dual three-phase inverter configuration. In the presented
configuration of powering a system of two generators using a single 5-phase inverter, complete identification
of the converter’s output phase sequence is crucial. From the perspective of the overall system’s operation, it is
irrelevant which phase is selected as the common phase. However, the chosen common phase must be identified,
as correct system operation depends on the PWM algorithm, in which the adopted phase sequence is crucial.

SVPWM technique

During the past decade, different modulation techniques were propose authors showed the
possibility of independent control of a dual-motor drive system (DMDS). The space vector pulse-width
modulation (SVPWM) techniques for DMDS were discussed in!*!4, with modulation techniques comparison
in!® and topologies comparison in'®. To control n three-phase motors fed by (2n + 1)-leg inverter a general
PWM technique was proposed in!’. In recent years, research on modulation techniques for DMDS focused on
higher performance!? or algorithm simplification'®. In'® the authors achieved a 42% shorter execution time than
in conventional SVPWM techniques. In general, any carrier-based, e.g.19‘21, or space vector PWMs can be used
for such drive systems after the corresponding modification, where common-leg is be included to the calculation
in a proper manner. Three-level voltages can be also generated, what was proven in??, where authors utilized
CBPWM technique.

The implementation of SVPWM technique for a five-leg inverter with a dual-motor drive system is not
new. Figure 4 shows the general principles of the SVPWM technique for a five-leg inverter with two three-
phase outputs. However, this is the first attempt to implement such a modulation strategy in a dual doubly-
fed induction generator system. The output voltage vector rotates inside a hexagon formed by eight vectors
(6 - active and 2 - passive), as shown in Fig. 5. All vectors represent defined transistors’ state in each leg of the
inverter. In dual-generator systems, two independent o« — 3 coordinate systems exist, as in conventional DMDS,
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Fig. 5. The space-vector diagram with sectors definition for three-phase VSI.

so that, for each machine, active vectors should be identified and the durations of active vectors ¢1 and t2 need
to be calculated.
The selected active vectors’ durations can be calculated from:

‘/re_f
Va

T= Ts - V™Y (1)

where Vg = Vn/Vye, Vi, and V. are the nominal and dc-link voltage, respectively; T’ — switching period, Vi.c ¢
is a matrix containing the reference vector components and V - a matrix consisting of normalized coefficients,!.

_ t1 . _ VOél Vozz 3 _ Varef .
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A Clarke transform matrix shows the relation between o, § voltage components and phase voltages [V, Vi, Vc:

Va S -2 -1/
—4/2 “[Va Vs VC]T; (3
V3 310 VB2 —v3)2

Considering a five-phase inverter as two independent three-phase systems, two combinations of vectors and
times can be obtained at this step. Duration of transistors’ activation in each phase defines the average inverter
phase voltage in a single switching period. Obtained times have been grouped and optimized, with the the
average value remaining. First, these durations should be calculated for both three-phase outputs, utilising (1)
and the ¢, 5 components obtained in (3), as:

if(ghy, ==1) 13N =t if(gs,, ==1) 185 =t if(ge,, ==1) & =ti;

) ) ) . ) . 4
Gy == ) =t if(ghyy == 1) V= th iflghy, == 1) =ty
where i is the generator number (system 1 or 2), 9;\,1, g;m - gates in each “x” phase, x = (A, B, C). The
V1 and V2 indexes represent the selected active vectors. The ON index represents the ON state of the selected
transistor. The result of (4) is shown in Fig. 6b, while the original switching sequence is shown in Fig. 6a.

The next step is a transition from a six-phase (two 3-phase systems) to a five-phase modulation scheme.
Phase “A” was considered as an inverter common-leg during calculation, Fig 2. Introducing a zero-sequence
component to the switching sequence, the output voltages remain unchanged, and the five durations are
calculated as follows:

13 = 3 133
tp" = 5y +135;
to" = tor +143; (5)
tpY = 5+ 41"
tp" = tor +ar;

The resulting switching sequence after (6) is shown in Fig. 6¢c. From this step only the optimization procedure
is left, to ensure the correct voltage generation. During the optimization it should be checked that all durations
are not negative and not greater than the switching period 7. The optimization procedure can be expressed as
follows:
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Fig. 6. Duration and corresponding transistor states: (a) for two three-phase system before grouping; (b)
after “ON” times grouping; (c) transition from two three-phase to five-phase systems; (d) final sequence after
transition to 5-phase configuration.

maz'" = QN if (maz'™ > To); 190N = Toh (6)
From this stage, the modulation algorithm is ready to generate the output voltages correctly. In Fig. 6dthe
resulting switching sequence was shown and the PWM structure is ready to generate voltages correctly receiving
the reference voltage vectors from the control system.

Control system for stand-alone mode of generator

Operation of the dual generator system in stand-alone mode requires the excitation of both generators by
supplying a magnetizing component (é,,s.4) of the current from the rotor side. The voltage at the stator terminal
of generator A is regulated by controlling the direct axis rotor current i,44. The direct reference axis rotor
current 4, 44 is obtained by processing the voltage error between the reference voltage U s, s and the measured
terminal voltage value |Us 4|, taking into account the magnetizing current value, using proportional-integral PI
1 and PI 2 controllers, as shown in Fig. 7. The value of the magnetizing current component (¢,,s.4) is calculated
from the generator estimated stator flux W44 value A. The following parameters in the per-unit system were
adopted for the control system. For the PI1 voltage regulator, the gain parameters for proportional and integral
were Kpl = 1.5 and Kil = 1.5, respectively. For the magnetising current controller, PI2, the gains were Kpl = 1.2
and Kil = 0.5. The gain values of the d-axis and g-axis rotor voltage components controllers were set equal to
Kp3=Kp4=1.2 and Ki3=Ki4=0.7. The dynamics of the entire control system largely depend on the PI controller
settings in the cascade voltage control system. The priority in selecting the controller settings was to ensure the
stable operation of the entire system. The primary purpose of a five-phase VSI supplying power to generator
rotors is to maintain the voltage(us, usp) and frequency at the stator terminals of the machines under varying
torque and varying load. The rotor side converter (RSC) is controlled in a stator flux-oriented reference frame.
The application of the concept of modifying the SVPWM algorithm of a five-phase inverter to power a system of
two three-phase generators from the rotor side, which was presented above, enables independent rotor voltage
regulation in two independent orthogonal systems. For the correct implementation of dual generator control,
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information on the rotor position angle (¢, ¢ ) of each machine is necessary. The control structure diagram
shown in Fig. 7 was adopted due to hardware limitations of the laboratory station configuration resulting from
the inability to measure the shaft position angle (.- g of generator B. A classic field-oriented control system for the
stator flux (SFOC) of machine A was used to control generator A. The mathematical description of the structure
of the control system is given in?®. Generator B was controlled in an open feedback loop. The values of the rotor
voltage components (urBa, UrBg) in the second control plane for the SVPWM algorithm are calculated in the
component generator block based on the set demanded amplitude and pulsation stator voltage value (Usprey,
wsBres) and the set of rotor speed w;- p. Functional blocks related to the voltage control of generator B are shaded
in grey. The grid-side converter (GSC) control system, responsible for maintaining the necessary voltage in the
DC-link circuit and the required power factor at the converter connection, is implemented independently and
indicated in the drawing as a separate functional block. It is worth noting that both generators can operate in
closed control systems after the elimination of hardware limitations without significant restrictions.

Experimental results

Experimental setup

The dual machine connection fed by a five-phase bidirectional power converter permits the utilization of two
generators of disparate design. The system can be configured with a different rated power, a different number
of pole pairs, and, most importantly, a different rated speed. This is in line with the theory presented in the
previous section. The paper details the validation and testing of a dual doubly-fed generator system in a stand-
alone mode configuration. Importantly, this setup does not require synchronization with the grid voltage,
making implementing the control algorithm and hardware application conception more straightforward. The
setup was designed to verify theoretical assumptions for independent stator voltage control on each generator’s
terminal. The control system for the test bench configuration shown in Fig. 8 was implemented in a prototype
of a bidirectional power converter (Conl) with a rated power of 5 kW. The basic specifications of the power
converter prototype are provided in Table 1. The converter prototype utilized a DSP controller board with a
Sharc ADSP21363 floating-point signal processor and an Altera Cyclone II FPGA. The PWM switching
frequency was 3.3 kHz. The interrupt time was set to 150 ms. The prime mover system comprises two squirrel-
cage motors (IM1 and IM2) that operate independently. The driving motors are supplied by commercial voltage
source inverters (VSI) (Con2 and Con3). These motors drive three-phase identically doubly-fed generators with
a power of 2kW (DFIG A and B) respectively. Generator parameters are shown in Table 2. For the correct
operation of the entire generator system, it is necessary to measure the voltages on the stators of both machines
and information about the angular position of the rotor of each generator. Due to hardware limitations regarding
the number of measurement channels in the five-phase inverter used, the voltage on the stator terminals, the
rotational speed and the shaft position angle were measured only for generator A in order to provide feedback
for the voltage regulation system. Generator B was controlled in an open control loop. The five-phase converter
prototype allowed for the connection of only one encoder. The three phase power windings on the stators of the
DFIGs were connected to the external, independent, RC loads with variable resistance (LoadA, LoadB). The

Scientific Reports |

(2025) 15:33439 | https://doi.org/10.1038/s41598-025-19073-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Con3
3
3 AC AC
Conl
=
= AC
2/ [+
g DC T
Con2
3 | AC
N AC

Fig. 8. Connection diagram for the three-phase generators A and B connected in five-phase inverter with
common leg.

Symbol | Quantity Values

Rg stator resistance 2.8330/0.067p.u.
R rotor resistance, 2.867£2/0.068p.u.
Lm magnetizing inductance 0.15H/1.123p.u.
Ls,Lr | stator and rotor inductance | 0.164H/1.1227p.u
Lo leakage inductance 0.014H/

P, nominal power 2kW

Ins nominal stator current 55A

I, nominal rotor current 34A

Un nominal stator voltage 400 V

Ct load capacitance 30 uF

n nominal rotor speed range | 700-1300 rpm

f nominal frequency 50 Hz

r turn ratio Ng /N, 1

Table 1. Doubly-fed Induction Generator parameters.

Name Parameter Values

Board Controller DSP+FPGA ADSP21363+Altera Cyclone II
Rated Power P, 5kw

Rated Voltage (5-phase) | Uy, 400V

Rated Voltage (3-phase) | Uy, 400V

Max. Output Frequency | fiax 200Hz

DC-link capacitor Cac 400uF

DC-link voltage Ude 700V

Switching Frequency fow 3kHz

Transistors 8 IGBT modules | MMG50S120B6TN

Table 2. Main Specifications of Bi-directional Power Converter Prototype.

mechanical rotational speed (wr4, wrB) of each generator was force-controlled by two motors IM1 and IM2
(Fig.8). A photo of the laboratory stand with relevant descriptions is shown in Fig. 9.

Laboratory tests
The following two groups of tests were carried out. The first group concerns the steady-states of the dual generator
system operation, while the second group concerns the dynamic states. Laboratory tests were carried out to
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Fig. 10. The steady-state operating point of a dual generator system (500V/div; 5A/div; 400ms/div).

verify the possibility of independent regulation of voltage and frequency at each machine’s stator terminals and
the harmonic content of the output voltage. The following notation convention was adopted to record the time
waveforms of current and voltage values on oscillograms during testing. Waveform number one, viewed from the
top of the oscilloscope screenshots, is the line-to-line voltage on generator A stator terminals ( Us 4), followed by
the line-to-line voltage on generator B ( Usg), the common-leg current of the inverter phase % 4sum, the phase
current of generator B (i), and the phase current of generator A (i3). Steady-state tests were conducted for
various configurations of load values on the terminal side of the generator stators. The first steady-state test was
performed with a constant rotational speed of the first DFIG A and the second DFIG B equal to wy 4, wrp= 700
rpm, respectively. An essential feature of all generator system operation is the high quality of energy transferred
to the power grid. Fig. 10 shows the time waveforms characterizing the system’s steady-state operation for both
generators and the spectrum of harmonics for the measured stator terminal voltages for generators A (GEN A)
and B (GEN B), respectively. The value of power transferred to the load was 250W for each generator. For the
presented case, the THDu coeflicient value for generator A was 1.51 %, while for generator B, it was 3.14 %.
Fig. 11 shows the test results in which the generator stator load was increased to 500 W; the THDu coefficients
for the measured voltages increased slightly to 1.52 % for generator A, and to 3.54% for generator B. A low
content of higher harmonics characterises the measured voltages at the terminals of both generators. The slowly
changing envelope voltage values at the terminals of generator B, amounting to 0.5 Hz, are the effect of the
generator operating in an open control system and the lack of phase shift control between currents in a common
phase. Elimination of this negative feature is possible after using a closed voltage control system of generator B
and coordination of the setpoint values of the rotor current components (%r4gref, %rBgref)in the g-axis for
generators A and B.
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(500V/div; 5A/div; 200ms/div)

The tests in the system’s dynamic operating states included changes in the reference voltage of both generators
Usaref, UsBref, step changes in the load value (Load A,Load B), and changes in the rotational speed (w4,
wr ) of the generator rotors.

The two-generator system is first operated under normal conditions with the load balanced in steady-state
conditions. At time ¢1, the reference voltage for generator B changes from 200 Vrms to 300 Vrms, and at the
time t2 step, it increases to 400 Vrms. The response of the controlled system is shown in Fig. 12. The next
test involved the reverse reference voltage change situation for generator A. At the moment ¢, indicated in
the Fig. 13., a step change on the reference stator voltage amplitude, U4, occurs for the generator A. The
control system’s response to changes in the reference set voltage in generator A is slow, taking approximately 1
second to occur. The reason for this slow response was to ensure stable operation of the entire system, in which
generator B is controlled in an open-loop control loop. As can be mentioned from figure, the amplitude of the
independent rotor output current in phase E, for generator A changed and all five-leg currents waveform can be
easily analyzed. The next test of the system operation included the system response to step changes in the load
value at the stator terminals of generator A; generator B remained in a non-load state. Three-step load changes
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Fig. 14. Load step changes at generator A stator terminals, generator B is no-load state (500V/div; 5A/div;
400ms/div).

were forced during the test at moments ¢1, t2, and ¢3, respectively. This corresponded to a change in the load of
generator A with active power in the range from 250 to 750W. The change in the generator load is visible in the
step change in the value of the phase E current in the rotor circuit, generator A, and in the current of a common
phase of the inverter 7.4swm.The system response is shown in Figure 14.

Figure 15 shows the generator system’s response in the case of changes in the rotational speed of the generator
A shaft at a constant value of the generator B shaft speed. When the drive system of generator A forced the shaft
speed to change in the range of 700-1000 rpm, i.e. from sub-synchronous to super-synchronous speed, the speed
of generator B was maintained at 700 rpm. All tests of the dual generator system were performed at a reduced
voltage. The descriptions under the oscillograms include the setting parameters for the individual oscilloscope
voltage and current measurement channels and the time base for subsequent system tests.
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Fig. 15. Experimental results under rotor speed variation of generator A.(500V/div; 5A/div; 1s/div).

Discussion

The article presents the application of a system of two three-phase generators powered from the side of the
rotors by a five-phase voltage inverter in a common-phase configuration. The presented topology of generator
connections allows for independent control of both generators. This configuration provides for the cooperation
of two generators differing in rated power, rotor rotation direction, or range of rotational speed changes. This
is important when using this solution in power generation systems for wind turbines rotating in the opposite
direction. The cooperating generators do not have the same rated power value in such systems. The main
generator driven by the first turbine is characterized by a power significantly more significant than the second
generator, whose rotor rotates in the opposite direction to the rotor of the first generator. The rated power of
the second generator is only a dozen or so per cent of the rated power of the first generator, and this difference
depends on the aerodynamic properties of the working parts of the turbines. The power flow in the rotor circuits
of both generators depends on the operating point of each machine, which results from the properties of such
a generator design. Powering the generator systems in the proposed configuration allows for better energy
management and reduced losses in the inverter system itself. The use of the five-leg VSI saves two switches,
compared to alternative two independent three-phase VSI power systems. For this configuration of VSI, fewer
components are required, which can lead to higher reliability. It should be noted that the common leg of the
inverter carries the sum of the phase currents feeding the rotor of the two generators, so it is essential to consider
the maximum values at the design stage of the five-phase inverter. It is worth noting that the presented solution
allows both generators to fully utilize the available DC link voltage, provided that the total voltage requirements
of both machines are within the range of the power supply capabilities. The PWM method used in the tested
system is not new. The modulation method algorithm is easy to implement using standard DSP processors and
allows control of two independent generators using only one DSP processor. The paper presents the results of
experiments that verify the concept of using this solution for a two-generator system. The tests were carried
out for the system’s steady and dynamic states. In steady-states of generator operation, the voltage at the stator
terminals of both machines was characterized by low harmonic content and voltage THD coefficients below 5%.

Data availability
All data generated or analyzed during this study are available upon request. Researchers interested in accessing
the data should contact the corresponding author.
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