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Speed control algorithm based on full doubly-fed induction machine model has been investigated. Experimental testing
of the doubly-fed induction machine control algorithm with matrix converter at rotor side has been performed. Speed
control algorithm of the doubly-fed induction machine has been implemented in real time using DSP-controller and
successfully tested on the experimental rig. Refereces 12, figures 6.
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Introduction. In some technological applications such as centrifugal pumps, fans, wind generators
desired control performance can be achieved using restricted speed regulation range (less than 20-25%).
Doubly fed induction machine (DFIM) has been found as an attractive solution for these applications [7].
DFIM allows to get control effect using bi-directional rotor power converter whose power is proportional to
required slip range.

The fundamentals of DFIM vector control are presented in [3] and widely used in different develop-
ments [1-3, 8—11]. In both motor and generator applications the DFIM is able to provide torque production
together with stator side power factor control. If suitably controlled AC/AC converter is used to supply the
rotor side of the DFIM, the power components of the overall system can be controlled with low harmonic
distortion in the stator and rotor sides. Moreover, when the DFIM is used as a variable-speed drive, the slip
power is regenerated during motor operating conditions by the converter to the line grid, resulting in highly
efficient energy conversion.

The two approaches are possible to supply the DFIM rotor circuit: standard AC-DC-AC converters
with vector controlled input rectifier and direct frequency converters known as matrix converters (MC).

General theoretical solution of torque tracking and speed tracking control of the DFIM under stabilization of
the stator-side power factor at unity level is presented in [9], [1]. The torque tracking controller has also been ex-
tended for speed tracking under condition of constant load torque. The control development is based on line voltage
vector oriented reference frame, which is more robust with respect to direct stator-flux oriented one [9].

The aim of this paper is to present results of experimental testing of the speed control algorithm of
MC excited DFIM. The paper is organized as follows. Section Il presents general configuration of speed
control algorithm for DFIM. In Section 111 the short description of MC control algorithm is given. Results of
experimental testing of the DFIM with MC are given in Section 1V.

DFIM Speed Control Algorithm. The equivalent two-phase model of the symmetrical DFIM, rep-
resented in stator voltage-vector oriented reference frame (d-q) is [9]:
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where (u2d g ) (iZd Jigg ) (l//ld ,z//lq) are rotor voltages, rotor currents and stator fluxes, T, is a moving
torque, generated by the primary mover, U, and o, are stator (line) voltage amplitude and angular frequency,
gand o are rotor angular position and speed, @, =@, — o is slip angular frequency, one pole pair is assumed
without loss of generality. Positive constants related to DFIM electrical parameters are defined as:
R L2 L R 3L :
g =—L, op=Ly|1-—" |, B=—T" y,=—2 4 pBl,, u=—-—", where R,R,,L;,L, — resistances
L]_Gz 0> 2 Ll
and inductances of stator and rotor respectively, L,,— mutual inductance.

Assuming the rotor current-fed condition, the following torque-flux control algorithm is constructed:
— flux level control algorithm
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Following [6] the current controller control algorithm is defined as
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where T" — torque reference; ki and k; are positive proportional and integral gains of current controllers;
Xq,Xq are integral components of current controllers.

In [9] it is shown that speed control algorithm (2) — (4) guarantees global torque tracking and asymp-
totic stator side reactive power stabilization on the zero level during steady state condition.
Reference for torque, which is formed by the speed controller, is defined as
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where (k,, ki)>0 are proportional and integral gains of speed controller, T is time constant of the filter of an-
gular speed measurement.

Complete speed control algorithm is specified by expressions of flux level control and torque control
algorithms (2), (3) and current controller control algorithm (4), in which derivatives are calculated from (2),
(3), (5), (6), and by speed controller (5), (6).

Actual control voltages, applied to the rotor, are defined by means of coordinate transformation
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where ¢; is angular position of the voltage vector.

The block diagram of the proposed controller is shown in Fig. 1.

Matrix converter control algorithm. Space vector modulation (SVM) of the MC is based on the in-
stantaneous space-vector representation of output voltage and input current [4, 12]. Through SVM, the matrix
converter generates appropriate voltage waveforms for exciting the DFIM rotor. The averaged values of the
voltage reference vector are obtained as the result of synthesis from five adjacent stationary vectors (four non-
zero and one zero) [4, 12]. As a result of alternate operation on each SVM period the line voltages form an
"averaged" voltage to create the output voltage vector.

The SVM algorithm has the following steps:

— first, on the basis of information about the instantaneous input voltage during each SVM cycle the
moment of switching from one combination of voltage to another is determined,;

— after that on the basis of output voltage vector the required sector is determined;

— duty-cycles and the corresponding time intervals are computed;

— finally, the reference space output voltage vector is formed at the beginning of the next SVM cycle.
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Fig. 1

Commutation strategies for a MC can be based on two approaches. The first, based on the current di-
rection information and the second, based on measured AC input phase voltages relationship [4,12]. In this
work a commutation strategy based on the current direction information is used.

Experimental rig. Speed control algorithm have been experimentally tested using a slip-ring induc-
tion motor with ratings: power 7.5 kW; current 17.5 A; voltage 380 V; speed 1460 rpm; stator resistance
R;=0.45 Q; rotor resistance R,=0.2 Q; stator inductance L;=0.161 H; rotor inductance L,=0.095 H; mutual
inductance L,=0.088 H; number of pole pairs p,=2.

The experimental tests were carried out using an experimental rig, whose overall layout is shown in
Fig. 2. The experimental rig includes:

1. A 7.5 kW slip-ring induction
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D connected to PC.
ﬁ 4. LEM current and voltage sen-
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|  Matrix 5. An incremental encoder with
Converter resolution 2500ppr, used to measure ro-

[ [ 1 tor position and speed.
,{" Voltage 6. A personal computer, acting
L Sensors as operator interface for programming,
J> J’ & debugging, program downloading, vir-

Fig. 2 ~
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tual oscilloscope and automation function during the experiments.

The power circuit of the matrix converter has been developed and built in the Power Electronics, Ma-
chines and Control (PEMC) Group of the University of Nottingham around the EUPEC FM35R12KE3 Matrix
Converter module [6, 12]. The 18 IGBTs and 18 diodes in this module are rated at 1200V and 35Amps. The
Matrix Converter requires an input filter uses three 2uF capacitors and three 1mH inductors. This filter has not
been optimized for the matrix converter operating conditions and, hence, the input current waveform quality is
lower than expected. In order to protect the matrix converter power devices during experimental tests, stator
voltages and hence rotor voltages were limited to 120V line-to-line through a 3-phase variac on the supply, as
shown in Fig. 1.

Control Platform. The control of the MC is implemented with the help of interaction between a digital
signal processor (TMS320C6711 DSK board) and a field programmable gate array (FPGA board). For fast
data processing Texas Instruments TMS320C6711 DSP board with Actel ProASIC A500K050 FPGA is used
in the control board. The C6711 DSK features a 150 MHz clock and is capable of executing 900 million float-
ing-point operations per second. It has a parallel port controller which is able to interface to standard parallel
port on a host PC. The host PC provides the user interface to the DSP. The DSP and FPGA based control plat-
form used in the MC is developed by the PEMC group. The FPGA on this board is operated with 10 MHz
clock frequency. The FPGA board connected to the DSP board via an expansion port connector.

All the calculations related to the space vector modulation, data manipulations and host interfacing
were performed in the DSP. The PWM pulse generation, the commutation control, the watchdog and other
software protection items were implemented in the FPGA. Data acquisition and pulse generation are coordi-
nated by the FPGA. On the control platform the analog measurement signals are encoded to digital form. The
FPGA is operated with 10 MHz clock frequency and is used to retrieve data from the nine analog-to-digital
channels and communicate with the DSP. These digital data are read by the DSP. The output signals result-
ing from the calculation performed by the DSP are the switching control signals. The switching signals are
stored in the FPGA register in the format of the switching state vector and time. The major function of the
FPGA is to output the switching state vector and time when the next interrupt occurs (the interrupt occurs
every 80us). Then the PWM pulses are generated and transmitted to the gate driver board.

The control system also includes hardware protection circuits in case of overload. The hardware-
based instantaneous overcurrent protection circuit is built in the FPGA board. This protection circuit is based
on the use of comparators in which the reference voltage can be adjusted to the maximum peak current al-
lowed in the system to protect the IGBTs under the short circuit or loss of controls. When the measured cur-
rent is higher than the maximum peak current, the comparator will provide an instantaneous trip signal to the
FPGA board and stop the switching pulses. Also the FPGA board has a watchdog timer circuit to protect the
MC if the DSP-FPGA network experiences deadlock.

The input data required by the control system is supplied from the measurement boards. This data in-
cludes the two line-to-line input MC voltages, two line-to-line mains/stator voltages, three output MC currents.
The current measurements use LEM LAS55-P current transducers to measure all instantaneous currents: the three
output MC currents. In order to measure the line-to-line voltages, the voltage transducer LEM LV25-P is used.

The software for all control algorithms of the DFIM and MC is written in C programming language
using Code Composer Studio [5]. Code Composer Studio (CCStudio) software is a fully integrated develop-
ment environment (IDE) supporting Texas Instruments DSP platforms.

The host PC provides the user interface to the network with a link to the DSP. While the DSP is performing
a routine calculation the control reference can be set and also the instantaneous control variable can be monitored via
the host PC. In addition, it is used to capture and transfer the data variables passed back to the computer for monitor-
ing purposes. The host program in C programming language is developed by the PEMC group.

Experimental results. Experimental results, reported in Figs. 3 and 4, were performed to investigate
system behaviour during speed trajectory tracking. The sequence of operation during this test is shown in
Fig. 3. During this test the speed control algorithm has been preliminary actuated with the speed reference
equal to 1500 rpm. At t = 1.5s speed reference trajectory is applied (Fig. 3), requiring the unloaded motor to
operate below and above the synchronous speed. The adopted speed trajectory requires a dynamic torque.
Speed tracking capabilities, together with the stabilization of the stator side reactive power on zero level, are
shown in Fig. 4. Satisfactory waveforms of input DFIM stator side currents and MC input currents are ob-
tained which are considered in Figs. 5 and 6. The spectrum of the current waveforms of the previous pictures
is shown in the same Figures.
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Conclusions. Results of experimental testing of the MC-fed DFIM are presented. Control algorithms
(MC and DFIM) have been implemented in real-time using DSP-controller. The experimental rig used to
control DFIM has been presented. The rig was used to confirm the control methods proposed for the DFIM.
The structure of the rig including all hardware and circuits were described.

It is demonstrated by experiments that: high performance speed tracking is guaranteed under condi-
tion of unity stator side power factor and that satisfactory waveforms of input DFIM stator side currents and
MC input currents are obtained. The main conclusion from the performed experimental study is that control
proposed control algorithm and technical solutions for MC and DSP controller development are suitable for
practical application in high performance DFIM based electromechanical systems.
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KepyBaHHsi IIBUAKICTIO MAIIIMHY MOABiHHOI0 KUBJIEHHA 3 MATPUYHUM NEePeTBOPIOBAYEM

Hocniosceno aneopumm KepysanHs Kymogoo WEUOKICMIO MAWUHY NOOGIUHO20 Jicusiients. Bukonano excnepumenma-
JIbHI OOCTIOJNCEHHS ANROPUMMY KePYBAHHS MAWUHY NOOBITIHO2O JHCUBTIEHHS 3 MAMPUYHUM Nepemeopiogadem. Aneopumm
KepPyBauHs KYMOBOI WEUOKICIIO MAWUHU NOOSIIHO20 HCUBTIEHHS PedTi308aHO 3a O0NOMO20I0 YUPDPOBO2O CUSHATBHOO
KOHmMpoJepa i yCniuHo eunpobyeano Ha excnepumenmanvhomy cmenoi. bion. 12, puc. 6.
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YupasjieHue CKOpPOCTbIO MALIMHBI JBOIHOI0 NUTAHUS ¢ MATPHYHBIM Npeodpa3oBaTesem

Hccneoosan ancopumm ynpagienust yenogoil CKOpoCmvio MAUHbl 080UH020 RUMAnUs. Beinoinenvl sxcnepumenmans-
Hble UCCIe008aHUS ANCOPUMMA YRPABIEHUS MAUWIUHbL O80UHO20 NUMAHUSL ¢ MAMPUUHbIM npeobpazosamenem. Aneo-
pumm ynpagienus yenosol CKOpoCmvo MAuiukbl 080UHO20 NUMAHUS PeATU308aH ¢ HOMOWBIO YUPPOBO2O CUSHATLHOZO
KOHMPOIEpa U YCREeUWHO UCNbIMAH HA IKCnepumenmanvhom cmenoe. buodn. 12, puc. 6.
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