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Abstract - The paper focuses on the implementation in Field Programmable Gate Arrays 
(FPGA) of vector control systems of the induction motor supplied from the tandem (hybrid) 
static-frequency converter. Reconfigurable control structure ensures different strategies for 
operating modes with non-failed and partial-failed converter. The reconfiguration process 
introduces perturbations in the vector controlled AC drives. The paper tries to give a 
synthesis of the tandem vector control structure implementation. Problems related to 
hardware implementation of the transition from a control structure to another are discussed. 
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1. Introduction 

In 1984 a new technology the Field-Programmable Gate Array (FPGA) for implementing 
digital logic was introduced. The applications, which first were mainly in implementing 
optimized two-level logic applications, today has developed to home networking, 
telecommunications, digital signal processing, and real-time control applications.  
Many of the FPGAs were configured by static RAM cells, while other FPGAs were 
configured using antifuse technology. Today the volatility has become a need in some 
applications and programming is no more considered a liability.  



 

The new technology and the programming methods of the FPGA chips, which are named 
reconfiguration of the FPGA, and has generated a new research field named reconfigurable 
computing. Most of applications of reconfigurable computing were reported in image 
processing, digital signal processing and custom computing machines. With the evolution 
of FPGA technology and the associated design tools, the application field has grown 
rapidly. Even more, this technology became a support for the new single chip solution 
called System on Chip (SOC) . 
In the mid 1990s the evolution of FPGAs allowed the implementation of simple digital 
signal processing algorithms, and as a result of this possibility they have been introduced in 
motor control field.  
Up to now Cirstea, Imecs, Monmasson, Poure and their research groups reported 
application of reconfigurable hardware in the implementation of motor control system for 
AC Drives [1, 2, 9 and 10]. Considering that the main advantages of FPGAs regarding their 
reach-hardware resources and parallel algorithm implementation possibilities, but also in 
the run-time hardware-structure reconfiguration possibility, we may say it will be the basis 
of many future vector control applications. 

2. Reconfiguration of the Control System 

Vector Control Systems for AC drives are characterised by high dynamic changes, and yet 
it is technologically impossible to compile the next configuration in run-time for such a 
system. The reconfiguration of vector control systems is applicable only if the next 
configuration is known at compile time, while the duration of the actual configuration is 
known or may be unpredictable. This implies two types of reconfiguration: 

•  The reconfiguration is used to improve the working conditions imposed by the 
speed, torque, or other variable. 

•  The reconfiguration is used to maintain the fail-safe operation of the drive. 

For both cases, we can assign a discrete state machine, which is equivalent to a logic sate 
machine [6]. 

The conditions, which determine the start of the reconfiguration, are various and depend on 
the application on hand. The necessity of reconfiguration in motor control is based upon the 
practical observations that the performances of various types of vector-controlled drives are 
different. These differences depend on the range of speed, mechanical load characteristics, 
sensors, and the type of the supply power electronic converter. 

The reconfiguration for induction motor drive control was introduced to improve the control 
system characteristic and later on for the fail-safe operation of the tandem converter. These 
two mentioned applications of the reconfigurable computing in induction motor control imply 
two reconfiguration cases: 

•  Case I: the motor drive is supplied by only one inverter and the reconfiguration is 
applied to improve the working conditions of the motor. 

•  Case II: the motor drive is supplied by two inverters - i.e. the tandem converter – 
and the reconfiguration of the control system is used for fail-safe operation of the 
drive in the case if one of the inverters fails. 



 

In both case the control of the execution element, represented by the AC motor together 
with the PWM and the electrical and mechanical sensors assembly, impose real-time 
performance of the control system algorithm. One may conclude that decreasing the 
sampling period the control system can perform better. On the other hand decreasing the 
sampling period can impose very short reconfiguration time (partial or total). Both cases 
were briefly treated for vector control systems in [13] 
The challenge for an embedded system engineer is represented by case I. In this case it is 
also difficult to find an industrial application. In reconfiguration case II we found a possible 
application, which is characterised by the so called “tandem inverter” [13]. 
An alternative solution for medium- and high-power AC drives is the “tandem” static 
frequency converter (SFC) fed induction motor. This configuration is a hybrid SFC, which 
combines the advantages of two, parallel working, different types and different power 
ranges DC-link converters. A large power Current Source Inverter (CSI), operating in Pulse 
Amplitude Modulation (PAM) converts the active power, and a small power Voltage 
Source Inverter (VSI) working in Pulse Width Modulation (PWM) and supplies the reactive 
power required for improving the quality of the motor currents. 
To obtain the best dynamic behaviour the control of the tandem-converter-fed induction 
motor can be achieved using conventional vector-control structures [8]. 
Let suppose one of component converter (VSI or CSI) fails. This means, the control 
structure loses its tandem character and the control structure will work with only one 
inverter. Under these new working conditions, the control structure previously applied to 
the tandem converter is no more efficient. To keep the drive working the control structure 
need to be reconfigured corresponding to the working inverter character. 
Due to the reconfiguration, the vector control system is implemented in Field 
Programmable Gate Array. Unlike other vector control system implementations [1, 9 and 
10] the implementation presented in this paper exploits all the parallelism of the vector 
control algorithm. For this reason the hardware resources consumed by the implementation 
are very high. The advantage of parallel implementation is the high performance of the 
control system and the possibility to obtain very short sampling periods.  
The reconfiguration of a vector control system can be motivated by the fail-safe operation 
of a plant. The plant (i.e. the control system, the inverter(s), the motor and the sensors) has 
to be kept on working in order to finish ‘its mission’. In this case, the reconfiguration 
moment tr is not known and the next configuration is known. This reconfiguration case is 
applied to the tandem converter if one of the inverters (VSI or CSI) fails. This means, that 
the control structure loose its tandem character and the control structure will work with 
only one inverter. Under these new working conditions, the control structure previously 
applied to the tandem converter is no more valid. To keep the motor working the control 
structure need to be reconfigured corresponding to the working inverter character. The 
power-on initialization i.e. starting the drive, it is realized, that either starting the control 
system with the tandem converter, or either starting it with CSI converter structure. This 
resulted from the obtained simulation results. Up to now the state transition graph was 
presented in [6, 7] with the power-on init in STATE1. New results proved that the start and 
power-on-init is imposed by the value of the starting currents, which can be very high and 
depends on the control structure. For this reason in some circumstances the start should be 
made with the CSI/VSI (STATE2 or STATE3) inverter and after the system achieves its 
nominal working conditions it should be reconfigured for the tandem converter structure. 
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Fig. 1. The state transition graph of the 

tandem converter system 
 

The tandem converter needs different control 
strategies depending on the type of the PWM 
procedure used for the VSI. The selected 
PWM procedure can change the source 
character of the VSI and of the tandem 
converter, too [Hiba! A hivatkozási forrás 
nem található.]. The open-loop voltage-
control PWM procedures, i.e. carrier wave or 
Space-Vector Modulation (SVM), keep the 
voltage-source character of the VSI, but 
using closed-loop current-control PWM 
procedures (e.g. the common bang-bang 
current control) the behavior of the VSI 
becomes of current-source character.  

The tandem converter is sensible to the VSI failure. If the VSI fails then the control system 
structure loose its voltage character and needs to be reconfigured in order to keep on motion 
the drive and to adapt the control system structure corresponding to the new demands. The 
CSI impose the new control structure character i.e. a current one.The three fundamental 
criteria, determining the structure of a vector control system i.e. the orientation-flux, the 
field identification method, and the type of the used PWM procedure applied to command 
the converter, influence the control system structure of the tandem converter. For this 
reason, from the initially proposed tandem converter structure given by Trzynadlowski, 
Imecs et all. proposed different tandem structures. The transformation of these structures in 
reconfigurable ones resulted in completely new control system structures for AC drives [3, 
5, 11]. The orientation flux (rotor - Ψr or stator - Ψs) and the PWM method applied to the 
converter (i.e. space vector modulation or current feedback modulation) give three-
reconfiguration possibilities as shown below in Table 1. 
There are two types of possible reconfiguration models - i.e. partial or total reconfiguration. 
The method is used in the implementations is a total reconfiguration for the CSoC and 
partial reconfiguration for the FPGA hardware support. For technological reasons, during 
the research process, simulation and implementation the total reconfiguration model was 
chosen, which reconfigures the control system as a whole.  

Table 1. Reconfiguration possibilities of the tandem converter [13] 

CSI-fed 
motor 

Tandem converter/VSI-fed motor Description 

State 2 (State 1) in references 

Orientatio
n Flux 

Orient
ation 
Flux 

PWM Method  

Ψr Ψr SVM [3,12] 

Ψr Ψs SVM [5, 11] 

Ψr Ψr 
Current Feedback Modulation 

(“bang-bang”) 
[4] 



 

The basic idea is straightforward: After power-up the control system of the AC drive works 
as ‘tandem converter’ (STATE 1 of the state machine), when the VSI fails will be 
reconfigured to work as CSI converter (STATE2 of the state machine). A possible 
representation of the transition from one state to the other, in fact, may be a demultiplexer 
and a multiplexer. However, one should note that, while these components may be indeed 
possible implementations, they are intended to be abstract entities did not need any 
implementation. 

3. Current Controlled PWM-VSI-fed Induction Motor with Rotor-Field 
Orientation 

Due to the voltage-source character of the tandem converter, the motor absorbs freely its 
stator currents. Consequently, the VSI will be the actuator ensuring the vector control of the 
induction motor drive. It is possible to apply the common PWM procedures (voltage- or 
current controlled ones) characteristic to the VSI.  
Applying to the VSI current-controlled-PWM, in manner of the “bang-bang” converter, the 
tandem-converter-fed motor will be controlled in fact in current. Constant switching 
frequency is obtained using synchronized on-off switching controllers. The above-
mentioned procedures are appropriate for field-orientation-based tandem-fed drives.  
In Fig. 2 the induction motor operates supplied from the both converters in tandem mode 
(corresponding to position 1 of the multiplexers). Supposing a failure of the VSI the control 
structure has to be adapted to the new working condition, i.e. running supplied only by the 
CSI (position 2 of the multiplexers). The reconfiguration of the hardware structure realizes 
the vector control system needed for the working inverters. Due to its simplicity, both 
operating modes use rotor-field orientation. In the tandem-fed mode, the VSI operates with 
current feedback loops.  
Because of the difficulties encountered by direct measurement of the modulated-voltage 
waves, the stator voltage is identified in block VsId using the measured DC-link voltage and 
the state of inverter switches according to the PWM logic taking into account the voltage 
losses on semiconductor devices, too.  
Based on the stator-voltage and current components transformed in d-q reference frame, the 
block ΨsC integrates the natural stator-voltage equations yielding at its outputs the stator-
flux d-q components. In order to obtain the orientation flux, the block ΨrCo compensates 
the stator flux.  
The vector-analyzer VA2 computes the amplitude and the angular position of the orientation 
field.  
The reference values of the stator-current space-phasor components are obtained from the 
flux- and speed-control loops. After the coordinate transformation, they will be transformed 
to the three-phase references of the hysteresis dead band current-controllers [3, 10].  
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Fig. 2. Reconfigurable Rotor-field Oriented Vector Control System with Current Feedback 

Modulation for the Tandem Converter-Fed Induction Motor [4]. 

4. Algorithm Analyses and Modularity 

The creation of a module library was motivated by the fact that the simulation of the 
reconfiguration process is not possible or it is difficult while no tools exist for this kind of 
simulation. On the other hand, recently it has become possible to implement digital signal 
processing algorithms on FPGAs directly from Matlab Simulink® environment. 
The elements of the library are the most common modules of vector control systems, and 
each present a standalone unit in the library. As a result of this independency, the vector 
control system can be synthesized by module or as a whole. 
The modularity is important when the implementation target is reconfigurable hardware 
such as FPGAs [12]. Analyzing the work of parallel research groups Cirstea [1], 
Monmasson [10], Pourre [9] it can be concluded that those implementations were oriented 
for special purposes and they used configurable logic, but did not study the reconfiguration 
as a possibility for vector control systems.  
The equations of vector control schemes can be decomposed in elementary mathematical 
operations. What is more, these elementary operations can be combined in the most used 
DSP function “multiply and accumulate”:  

∑
=

×=
k

i
ii bac

1

)(  (1) 

The difference between the DSP and FPGA implementation of the MAC is that in the case 
of latter one the operations from (1) are executed in parallel and not sequentially. In such a 
way, the execution time is reduced by the parallel computation. The parallel 
implementation of the algorithm results in very fast execution speed. For this reason, the 
sampling period can be decreased until the technology and the PID controllers allow it. The 
parallel computation of equations gives a significant improvement compared to the DSP 
sequential computation. The parallel implementation method disadvantages could be the 



 

intensive hardware resource consuming and the price paid for a chip. Another advantage of 
the parallel implementation is that partial reconfiguration became possible for each 
computation module. This allows only the parts of the control system to be reconfigured, 
which are not common for two control structures. We can conclude that from the point of 
view of the reconfiguration, independent from which type of reconfiguration method is 
used, the parallel implementation is the optimum one. 
The sequential implementation methods do not allow very short sampling periods 
comparing to the parallel one. The execution speed of the MAC functions has to be fast 
enough, in order to compute all the equations of the control system in only one sampling 
period time. From the view point of reconfiguration the sequential implementation method 
is not an optimal solution. This is explained by the fact that the reconfigurations of the 
vector control system involve changes in the output variable characteristics 
(voltage/current) and modify the type and value of variables and constants when the new 
MAC functions are executed. 
From the above reasoning results that the parallel implementation was chosen as a solution 
for the implementation of the IP library and the reconfigurable vector control system. Some 
functions of the vector control system cannot be implemented with the above-mentioned 
MAC function, in these cases particular solutions are applied. In [13] there are shown the 
implementation results of the module library and the estimated hardware resources needed 
for the implementation of the control system shown in Fig. 2. 

5. Simulation Results 

In all the three possible reconfiguration variants presented in Table 1, the simulations were 
performed with similar conditions in MATLAB-Simulink environment. The motor data are: 
5.5 kW, 50 Hz, 220 Vrms, 14 Arms and 4 pole-pairs. The motor was started controlled by 
the tandem inverter and after some time (usually 0.5s or 1s after start) the control structure 
was reconfigured due to the failed VSI. The simulations were concentrated on the moment 
of the reconfiguration and the effects on the motor variables if the control structure is 
reconfigured. The research was not extended to the fault detection, which is not the subject 
of this research. We presumed that the moment when the VSI fail could be detected in a 
way (for example detecting the equality of three voltages usa=usb=usc=0 at the same time). 
The simulation results presented in this paper were made for the control scheme presented 
in Fig. 2. The simulation results show that the transients introduced by the reconfiguration 
influences all the variables as presented in [11]. 
 

 
Fig. 3. Current waveforms before and after 

reconfiguration. 

 
Fig. 4. Rotor and Stator resultant flux 

before and after reconfiguration.
 



 

 
Fig. 5. Electromagnetic torque, Electric 

angular speed. 

 
Fig. 6. Mechanical characteristics of the 

induction machine 

 
Fig. 7. Stator current on phase "a". 

 
Fig. 8. VSI/Capacitor output currents. 
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Fig. 10. CSI output current space-phasor 

diagrams. 
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From the simulation results one can conclude that the transition from one control structure 
to the other generate transients in the motor. A transient management solution was 
proposed in [5] 

6. Conclusions 

The reconfigurable vector control system for tandem inverter is a new solution for AC 
drives. It improves the working conditions of the drive, also assures fail safe operation.  
Vector control systems for AC drives are characterized by high dynamic performance. For 
the reconfiguration of such a system yet it is technologically impossible to compile the next 
configuration in run-time. The reconfiguration is applicable only if the next configuration is 
known at compile time, while the duration of the actual configuration is unknown or can 
not be predicted. 
Since the simulation of the reconfiguration process in MATLAB® Simulink environment 
was modelled by multiplexers. In the implementation these multiplexers were implemented. 
In such a way a reconfigurable control algorithm was proposed.  
The research concentrated on the fail of the VSI. If the CSI fail the vector control system 
together with the VSI and the motor still can work, but the performances will be lower then 
the tandem inverter performances. 
For implementation of reconfigurable vector control structures CSOC and FPGA chips are 
recommended. The created Module Library, like other Matlab® tools, helps the rapid 
prototyping and implementation of vector control systems for AC drives targeting FPGA 
chips. The module parameters are freely modifiable on demand.  
The Module Library allows the simulation of the reconfiguration process and the study of 
the reconfiguration effects upon the behaviours of the AC drives. 
Comparing with other existing FPGA implementations the implementation results 
presented in this paper allows the parallel implementation of any vector control system, in 
contrast with other implementations based on sequential computation. The advantage of 
parallel implementation is the increased computation speed and low sampling period. The 
disadvantage may be considered the high number of FPGA cell consumption, which 
implies the use of rich resource FPGA chips. 
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