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Abstract

This paper presents a generic model of a fully FPGA-based direct torque controller. This model is
developed using two’s-complement fixed-point format approaches, in register-transfer-level (RTL) VHDL
abstraction for minimizing calculation errors and consuming hardware resource usage. Therefore, the
model is universal and can be implemented for all FPGA types. The model is prepared for fast
computation, without using of CORDIC algorithm, a soft-core CPU, a transformation from Cartesian-to-
polar coordinates, and without the help of third-party applications. To get simpler implementation and fast
computation, several methods were introduced: i) the backward-Euler approach to calculate the discrete-
integration operation of stator flux, ii) the modified non-restoring method to calculate complicated square-
root operation of stator flux, iii) a new sector analysis method. The design, which was coded in
synthesizable VHDL in RTL abstraction for implementation on Altera DE2-board has produced very-
precise calculations, with minimal error when being compared to MATLAB/Simulink double-precision
calculation.
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1. Introduction

Direct Torque Control (DTC) which was proposed by Takahashi in 1986 [1], has gained
popularity since it can provide fast instantaneous torque control with simple control structure.
Ideally, the error or ripple of the torque (or flux) is restricted within the hysteresis band, so that
the output torque (or flux) will satisfy its demand. Unfortunately, in practice, as the hysteresis
controller performs in a discrete computation approach, this is impossible to achieve due to the
delay between the instant the torque is sampled and the instant the corresponded switching
status is passed to the inverter [2]. The ripple might exceed beyond the hysteresis bands, i.e.
overshoot or undershoot condition, and hence tends to select the reverse voltage vector that
causes rapid increase/decrease of the torque [3]. This, consequently, will produce larger torque
ripples and slightly degrade the performance of DTC.

Several methods were proposed to minimize the output torque ripple. These include the
use of space vector modulation (SVM) [4- 5- 6- 7], the injection of dithering signal [8], the use of
constant carrier frequency [3] and recently, the hysteresis based DTC with predictive control [9-
10- 11]. All these methods require some modifications and knowledge of machine parameters
that somehow will complicate the simple structure of the DTC and will increase the control
sensitivity of the DTC. Moreover, the effectiveness in minimizing the output torque ripple using
those methods can be achieved if only a high switching frequency is applied. Unfortunately,
microcontrollers and DSPs (include DSPACE 1xxx or TMS C2xxx, etc) inadequate for the above
requirement.

The best way to perform the DTC algorithm at highest sampling rate is the use of Field
Programmable Gate Arrays (FPGA). Some works used a combination of DSP and FPGA, where
the computational burden of the DSP is reduced by distributing some tasks of DTC algorithms to
be executed by the FPGA. In this a way, the sampling period to execute the overall DTC
algorithms can minimize the output torque ripple [12- 13- 14]. However, the combinations of
controllers increase the cost and complexity of the interfacing circuit, and are not practical for
commercialization purpose. Some attempts [15- 16] implemented entire DTC algorithms utilizing
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single FPGA. However, the VHDL or Verilog coding applied in [15- 16] was generated using
third party simulation software, which is not fully optimized to achieve fast sampling frequency.

This paper presents an effective way to design, simulate and implement the hysteresis-
based DTC utilizing FPGAs. The main contribution of this paper is the development of the DTC
using VHDL code on the FPGA, i.e. from scratch, the code being optimized to achieve a
sampling frequency of 200 kHz. The VHDL is chosen in order to shorten the design cycle and to
manage such an increased complexity, as it offers support (test environment) at all levels of
abstraction (behavioural, structural, physical) [17]. With the high sampling frequency, it is
therefore, possible for the torque ripple to be restricted within its hysteresis band and hence
minimize the ripple by reducing the band size.

2. The Proposed DTC Model

Figure 1 shows the proposed fully FPGA-based DTC model. All modules (in digital side)
are designed by using VHDL. All calculations in the modules are conducted in two's
complement fixed-point arithmetic. The explanation of the each module will be presented later.

2.1.Current Sensing Acquisition System

The current sensing acquisition system has two parts. First part is current sensing
system which composed of current transducer LA 55-P, and second part is ADC system based
on AD7862-10 simultaneous sampling dual 250 kSPS 12-bit ADC. The parts are analog side of
the DTC.
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Figure 1 The proposed fully FPGA-based DTC model

2.2.ADC Controller

The module responsible for acquisition current information (I, and ly) of the ADC
system. Figure 2 shows state machine and timing operation diagram of the ADC controller. In
this work, only first channel is used.

2.3.Scaling and Tuning

The tuning module in Figure 1 is used to get the current values (I, and I,) which close to
the actual motor current values. As it's known that the input the module is not yet real motor
current-representation values, but they are still in voltage-representation values which are
output of the ADC controller. Output of the module is represented in [5.12], where 5 is signed
two's complement integer and 12 is number of fractional bits.
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Figure 2 State machine and timing operation diagram of the ADC controller based on AD7862

2.4.Stator Flux and Torque Estimators

The calculations of the flux and torque estimator are implemented in some modules, as

shown in Figure 3.
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Figure 3 The behavioural model of the proposed stator flux and torque estimators
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The estimator is the heart of DTC. The successful implementation of DTC very much depends
on the module. To get simpler implementation and faster computation of the estimator, several
methods were introduced: i) the backward Euler approach to calculate the discrete integration
operation of stator flux, ii) the modified non-restoring method to calculate complicated square
root operation of stator flux, iii) a new sector analysis method.

2.4.1 Ip and Ig Calculator
This module is to transform the motor stator currents into DQ refer to equation (1) and

(2). In Figure 4, the value of %\/5 X 2%is represented as “19' h24F35” (the 19 is number of bits,
and the h24F35 is value of 151349 in hexadecimal).

v
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19" h24F35
library ieee;
use ieee.numeric_std.all;
use ieee.std logic_1164.all;
entity Id_Iq is
port(
la, Ib : in std_logic_vector (16 downto 0); --[5-12]
Id, 1q : out std_logic_vector(17 downto 0)); --[6.12]

end entity;

architecture behavioral of Id_Iq is

-- sqrt3per3 (=sqrt(3)/3) = 0.5773506 in [1.18] => "'0100100111100110101"
constant sqrt3per3 : signed (18 downto 0) := *0100100111100110101";
signal 11, 12, 13 : std_logic_vector (18 downto 0);

signal yl : std_logic_vector (37 downto 0);

begin

11 <= la(16)& la(16) & la; -- [5.12] -> [7-12]

Id <= 11(17 downto 0); -- 1d in [6.12]

12 <= I1b(16) & Ib & "0"; -- 1b*2; [5.12] -> [7.12]

13 <= std_logic_vector (signed(l1l) + signed(12)); -- la + 2*Ib; [7-12]

yl <= std_logic_vector (signed(13) * sqrt3per3d); -- (sqrt(3)/3)*(la + 21b) [8.30]
Iq <= y1(35 downto 18); -- truncated to [6.12]

end behavioral;

Figure 4 The RTL model of the Ip and I5 calculations, and its VHDL source code

The output of the signed multiplier is represented on 38-bits, as [8.30]. However, the Ig is only
represented on 18-bits as [6.12] to minimize hardware resource, so the 38-bit [8.30] is truncated
to become 18-bit [6.12]. Based on the evaluation result, the 18-bit has been considered suitable
to represent I precisely.

I, =1, )
IQ :E(Ia+2lb)
3 2)
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2.4.2 Vp and Vg Calculator

The function of this module is to calculate the stator voltages into DQ components refer
to equation (3) and (4). The same concept (in Ip and Ig Calculator) is used for implementing this
module.

Vo =1(25, -5, -,)

NE

VQ = ?Vdc(sb - Sc )

®3)

(4)

2.4.3 Stator Flux Calculator

After the calculation of the DQ components of current and voltage, the DQ stator flux
(plus a filter) is calculated in this module refer to equation (5) and (6). The equations are the
backward Euler approach for calculating the discrete integration operation of stator flux. Next,
the calculation of the magnitude of the stator flux refers to equation (7). The modified non-
restoring method is used to calculate the square root operation.

7o =(7a,, + (Vo ~Relo )10, T,) o
¢Q:(¢Qold+(VQ_RSIQ)Ts (1-0,*T;) ©6)

O, =05 + 05 -

2.4.4 Sector Calculator
The work has used a simpler method to judge the sector of the voltage vectors, which is
modified from [18]. By using Karnaugh map simplification, it only involves two comparisons.

2.4.5 Torque Calculator
The function of this module is to calculate torque - refer to equation (8).

3
T =_P(|Q¢D - ID(pQ)
4 8)

2.5.Subtractor

In this work, there two subtractor modules: for comparison actual stator flux and torque
values with their references. Both the substractors are conducted in two's complement fixed-
point arithmetic. The stator flux comparison module is subtractor 17-bit [4.13], with its output is
18-bit [5.13]. The torque comparison module is subtractor 26-bit [6.20], with its output is 27-bit
[7.20].

2.6.Hysteresis Controller

Both the stator flux and torque controllers are responsible to generate the appropriate
error status of the stator flux and torque. Both controllers are the 2-level and 3-level hysteresis
controllers respectively. So, the output of the both controller are represented in 1- and 2-bit
respectively.

2.7.Switching Table
The module is used to select the voltage vectors depending on stator flux error, torque
error and the sector. The module is implemented by using the look-up table refer to [1].

2.8.Dead-time
A dead-time is required to avoid short circuit. In this work, the dead-time 2us is
constructed by using the pair of 16-bits counter and comparator.

A Model of FPGA-based Direct Torque Controller (Tole Sutikno)
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3. Results and Discussion

The experiments were conducted on Altera DE2 Board, and consume 2093 logic
elements for the implementation. The tests have taken place only during certain periods of
motor’s steady state and the results were observed on the oscilloscope. Thereafter, the results
were compared to the validated MATLAB/Simulink simulation results.
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Figure 5. The inputs test. (a) the stator currents I, & lp; (b) S;; (€) Sp; (d) S..
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Figure 6. The comparison between MATLAB/Simulink simulation and the experimental result for
flux locus. (a) MATLAB/Simulink simulation, (b) FPGA based experimental result

Figure 5 presents the input test, while Figure 6 shows one of the results of the comparisons
between MATLAB/Simulink simulations and the experimental. The results shown were matched
well with the simulation in MATLAB, which was carried out in double-precision computation.

All units in the system have been designed in fully generic VHDL code, which is
independent of the target implementation technology; it does not need third parties and special
FPGAs. It is also important to be known that the experimental outputs are displayed through a
12-hit DAC. So, all outputs are truncated within 12-bits. Therefore, it is fair for accepting that the
outputs are not perfectly the same as the simulation outputs. The results have proved that the
proposed FPGA implementation of the DTC was suitable. Because most of the DTC research
solutions have limitation on the performance of the implementation of the torque and flux
estimator, obviously this contribution has been eagerly awaited by researchers to support,
enable and take forward their improvement on the DTC.

4. Conclusion

This paper has explained how to implement the DTC based on FPGA. The proposed
model has conducted by using two’s-complement fixed-point arithmetic approaches, in register-
transfer-level (RTL) VHDL abstraction for minimizing calculation errors. The choice of word
sizes, the binary format and the sampling time used are very important in order to achieve a
good implementation of the DTC. This way is simplest and most effective technique, and
therefore consumes minimum hardware resource usage. The work has proved that FPGA is
suitable for the realization of a high-performance DTC implementation due to its high processing
speed, which cannot be obtained by any DSP application. This contribution is a big leap forward
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for improvements on the DTC, and it has been eagerly awaited by researchers to support,
enable and take forward their DTC improvements.
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