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1. INTRODUCTION

Over the past few decades, three-phase induction motors (IMs) have found widespread application
across various industrial sectors. The reason is mainly due to its durability, low maintenance needs, cost-
effectiveness, and the ability to operate at higher speeds. However, achieving effective control of IMs is
challenging due to the complexity of their dynamic models, and therefore, remains one of the hot research
topics in motor drives. This topic has even attracted much attention from researchers due to the growing
utilization of renewable energy and electric vehicles. Furthermore, advancements in microprocessors have
provided researchers with an opportunity to develop more powerful control strategies.

Two main control strategies, namely field-oriented control (FOC) and direct torque control (DTC),
are extensively employed in high-performance IM drive applications [1]. FOC utilizes a linear control strategy,
which involves the utilization of a linear controller to generate a reference voltage, which is then implemented
using a pulse width modulator (PWM) [2]. There are several types of FOC for IM drives, determined by the
specific field to which the rotating frame is oriented. The most widely adopted type is the rotor flux FOC. In
rotor flux FOC, the rotating frame aligns with the rotor flux, which rotates at synchronous speed. Within this
frame, the stator current vector is decomposed into its flux and torque components, which are orthogonal and,
therefore, are magnetically decoupled. An inner-current control loop with PWM is required to implement this
control strategy. This current control needs to be implemented precisely to ensure optimal torque and flux
control performance.
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In contrast, DTC utilizes a pre-determined switching table and two hysteresis controllers to identify
the optimal voltage vector (VV) selection for the IM [3]. Compared to the FOC, DTC has a simpler structure
and does not require a modulator. DTC also offers simpler implementation and better resilience to parameter
variations. However, its performance is highly influenced by the characteristics of the hysteresis controllers,
which can cause high torque ripple and variable switching frequency [4]. Modified DTC methods [5]-[7] strive
to address these limitations and, to a certain extent, have mitigated these issues. However, this improvement
comes at the cost of a more intricate control structure and implementation.

Recently, the application of model predictive control (MPC) to the IM drives has gained a lot of
attention among researchers [8], [9]. For power electronics converters with fixed switching states, a variation
of the MPC known as finite control set-predictive torque control (FCS-PTC) technique, simplifies
implementation and reduces execution time [10]. The optimization stage of FCS-PTC involves selecting a VV
that minimizes a cost function. The two main variables that define the cost function of the FCS-PTC are the
torque and flux. Since torque and flux are fundamentally different, employing a weighting factor (WF) to assign
different priorities to these control variables is common. Thus, WF’s selection affects the dynamic
characteristics of the control variables and, hence, the drive performance. Therefore, this paper seeks to clarify
the impact of WF selection on the control performance of the drive. The analysis is simplified through its
implementation using a dSPACE controller board — details on the implementation using C codes are discussed
and presented in this paper.

2. MODELLING A THREE-PHASE INDUCTION MOTOR

A more compact and convenient way of modelling a symmetrical three-phase system is to use space
vector (also known as space phasor) equations. By expressing the three-phase IM using space vector equations
asin (1) to (5), the analysis of a symmetrical three-phase IM becomes more straightforward [11], [12].

vs = iR + dip,/dt 1)
0 =irRy + dy,/dt — jo, 1, )
Yy = Lgig + Lyiy 3
Yy = Lypiy + Ly (4)
T, = Bp/2)Im(isys) (5)

Where vq, Y, Y, are the stator voltage, stator flux, and rotor flux space vectors, respectively. Also T, is the
electromagnetic torque (expressed in terms of stator current and stator flux space vectors) and, R, and R,. are the
stator and rotor resistances, respectively. Meanwhile, the stator and rotor current space vectors are represented
as ig and i,. Next, L, L, and L,, indicated the stator self-inductance, rotor self-inductance, and mutual
inductance, respectively. Lastly, the w, is the electrical rotor speed, and the pair of poles is labelled as p.

The stator and rotor currents, as in (6) and (7) can be obtained by manipulating (3) and (4). Meanwhile,
(5) can be expressed in terms of the d-q quantities (scalar) as in (8) for the torque. All of these equations are
used for the estimation and predictions of control parameters in FCS-PTC.

s =[1/(LsLy — L?n)] (Lyps — Lintdy) (6)
i = [1/(LsLy — L%n)] (Lsyr — Lin¥ps) (7
T, = (3P/2) [(lpsd isq) - (lpsq isd)] (8)

3. MODELLING A THREE-PHASE VOLTAGE SOURCE INVERTER

Figure 1(a) depicts a two-level, three-phase voltage source inverter (VSI) utilizing six insulated-gate
bipolar transistors (IGBTSs) for power switches, with an input voltage Vpc and the output connected to a three-
phase IM. Each IGBT, labelled Q; through Qs, possesses an internal anti-parallel diode to offer a freewheeling
path for the current when the IGBT is turned off.

The output voltage of the space vector that is applied to the IM is controlled by adjusting the switching
states of the power switches. While modulators are commonly used, the output voltage of a VSI can also be
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controlled by directly controlling the switching states of the power switches without requiring a modulator.
Likewise, PTC utilizes an optimization stage within the algorithm to determine the appropriate VVVs, which is
translated into switching states.

Figure 1(b) illustrates the Vs for a two-level three-phase VSI, which consists of six active VVs (v1
- vg) and two zero VVs (vo and v7). These VVs can be resolved into their respective d and g components, as
listed in Table 1. Using a 3—phase VSI, eight possible switching states (or VVs) can be implemented. The (9)
describes the mathematical relationship between the output voltage (stator voltage) space vector and the
switching states of the VSI. In this equation, V. represents the input DC link voltage to the VSI, while the
switching states of each leg are represented by Sa, Sg, and Sc. The upper switch of a leg being ON corresponds
to a switching state of 1, while the lower switch of a leg being ON corresponds to 0.

V= 2/3 VdC(SA+ (XSB+(XZSC) (9)

2n 4n
Where, a= €'3 and o?=¢€'3.
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Figure 1. VSI configuration

Table 1. Voltage vectors for each switching states of 2L VSI

Vp S= [SASBS(;] Vs =Vg+ qu

Vo 000 0

Vi 100 2/3)Vqe

V2 110 (1/3 +iV3/3)Vqe

Vs 010 (=1/3 +jV3/3)Vyc
Va 011 —(2/3)Vae

Vs 001 (=173 = jV3/3)Vy
Vs 101 (1/3 -v3/3) Vg,

vy 111 0

4.  FINITE CONTROL SET - PREDICTIVE TORQUE CONTROL
Figure depicts the block diagram of FCS-PTC. It comprises three significant stages [9], [10]:
estimation, prediction and optimization.

4.1. Estimation

Estimating stator flux in IMs is crucial for any control strategies. Traditionally, voltage-based models
were employed due to their simplicity [13], [14]. However, limitations like inverter nonlinearities and current
measurement errors led to offset issues. Consequently, current-based models have gained favor [15]-[17]. To
estimate the stator flux, the rotor flux equation in (2) is discretized using forward Euler’s equation method,
thus giving (10).

lp\r(k) = lpAr(k - 1) + Ts[RrLeris(k) - (1/(RrLr) - jpw(k))l[}r (k - 1)] (10)

Where, Ts is the sampling time. Finally, the stator flux, ) , is estimated using the flux linkage equations in (3)
and (4), resulting in (11).

lz;s(k) = (Lm/Lr) wAr(k) + is(k) (Ls - LmZ/LrLs) (11)
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Figure 2. A detailed block diagram of FCS-PTC

4.2. Prediction
The prediction stage requires predicting two variables: stator flux and torque. By applying Euler
discretization on (1), the stator flux can be predicted using (12).

12)\5(1( +1) = lpAs(k) + Tsvs — Rgig(k) (12)

The (5) shows the direct relationship between torque prediction and stator flux and current. Therefore, the
torque prediction is expressed using the predicted stator flux and current values as (13). To predict the torque,
a prediction of the stator current £ (k + 1) is required (as seen in (13)). It can be shown that the stator current
of IM can be expressed as (14) [18], [19].

TP (k+1) = 3p/23m[PF (k + 1) & (k + 1)] (13)

20k +1) = (1+ To/1)i () + To/To + T [1/Rg [Uer /7, — ko) (k) +v,(0)]]  (14)

In (14), T, represents the transient time constant of the stator, k; is the rotor coupling factor and z is the rotor
time constant.

Inevitably, the sampling process introduces a delay in hardware implementation [10], [20]. Therefore,
the predicted torque and flux require a delay compensation which can be obtained by extending the predictions
of torque and flux to the next sampling time (k + 2), using the (k + 1) values as the initial values. Finally, in
(15)-(17) show the predicted torque and flux expressions.

PPk +2) = Ps(k+1) + Tyv, — Ryis(k+1) (15)

P +2) = (1+ To/1)is(k + 1) + To/ (2p + T) [ 1/Rq [(ky /e = kyjay(k + 1) +vs(R)] | (16)

T (k+2) = 3p/2 Im[P? (k + 2) ¥ (k + 2)] (17)

In this work, only one of the two zero VVs is selected since this will simplify the implementation. As
far as the torque and flux responses are concerned, both vectors (vo and v7) will produce the same effect.
Therefore, whenever zero VV is selected, vo will be used. Subsequently, only seven VV are used in the
implementation, which are vo, v1, V2, Vs, Vs, Vs, and V.

4.3. Optimization

The optimization stage is performed by minimizing the cost function. In (18) shows a typical cost
function for FCS-PTC, which is used in this paper.

g=ITe =10 (e +2) | + Ay| s — ¢k +2)] (18)

In this equation, T," and 15 are the reference torque and reference stator flux and 4, is the flux WF which
determines the significant of stator flux error relative to the torque error. The cost function calculates the errors
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between the torque and flux references and their predicted values for every possible VV. The VV that gives the
smallest value of the cost function is then selected and implemented using the VSI based on (9) and Table 1.

The WF plays a crucial role in the cost function in determining the relative importance of torque and
flux control in PTC of IMs [21]. The control variables (i.e. flux and torque) in the cost function have different
types in terms of units and magnitudes, so a WF is utilized to ensure fair optimization. However, selecting the
WF value is not simple, even with the simple and intuitive idea of PTC and its capability to handle nonlinearity
and constraints, especially when the control variables are of equal importance [17], [21]-[23]. For example, if
Ay is set to a relatively high value, then a higher priority will be given to the flux control instead of the torque
control, and this, in turn, can cause higher torque ripple. If, on the other hand, 4, is selected to be too low, then
more priority will go to torque control, which can cause unnecessarily high flux ripple. Furthermore, the
selection of WFs depends on the operating conditions [24]. This paper will highlight the significance of this
inference by implementing the FCS-PTC with a very low 4,, of 5 and a relatively high 4,, of 30.

5. HARDWARE IMPLEMENTATION AND C PROGRAM DEVELOPMENT

Figure 3 displays the hardware setup in this paper. It comprises a DS1104 controller board from
dSPACE, speed encoder, IM, gate drivers, 3 phase VSI, current sensors, and a DC power supply. The FCS-
PTC control algorithm is implemented to a 186 W, 1425 rpm, three-phase squirrel cage IM as shown in Figure 3.
An incremental speed encoder with 2048 pulses per revolution sampled at 0.001s is used to monitor and
measure the motor speed. Detailed parameters for the IM can be found in Table 2. Figure 4 provides an
overview of the interconnected components and their interactions within the hardware implementation.

= DS1104
@ . controller board
/ A\ed
r 5 Jumper board

| Power supply for | Speed encoder

current sensor \ W,
r

and gate driver

|
7
VAN 1 A
(b)
Figure 3. Hardware setup for the drive system: (a) full view of the whole setup and
(b) zoom view for interconnected components

D power supply |
PARS 4
Vi

Table 2. Specifications and parameters of the induction motor
Induction motor parameters

Parameter Symbol Value
Rated power Prated 186 W

Rated speed Drated 1425 RPM
Rated frequency f 50 Hz

Rated line voltage ~ Vi raea 190 V

Rated current lrated 14A

Pole pairs p 2

Stator resistance Rs 99Q

Rotor resistance R, 8.15Q

Stator inductance L 278.6 mH
Rotor inductance L, 285.3 mH
Mutual inductance Lm 265.1 mH
Moment of inertia J 0.001118 kgm?
Viscous friction B 0.0006076 Nms
Sampling time T, 40 ps
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Figure 1. Functional block diagram of the hardware implementation

5.1. Current measurements

A pair of Hall-Effect current sensors as in Figure 3 are used to measure two of the stator currents of
the IM. Based on (19) and (20), the Clarke transformation converts three-phase current measurements into two-
phase currents in the dg-coordinate system. The 3 phase currents are then converted to 2 phase quantities (isq
and isg):

lsqg = g (19)
isq = (iy + 2iB)/\/i (20)

A +12 V DC power supply powers the current sensor circuits. A current measurement of 50 A is
required to give a full-scale deflection of 5 V at the output. Therefore, several turns of conductors are coiled
at the core of each current sensor to improve measurement accuracy. Since DC offset in Hall sensor current
measurement is inevitable, offsets are initially calculated before the interrupt service routine is started. This is
performed by measuring the offsets for several thousand samples before the motor current starts to flow and
then calculating the average value:

Fori=1ton

{Measure the iao and igo
IaT = iaT + ia0

it = igT *+ iBo}

of fset, = lATT, of fsety = LBTT

These offsets are then subtracted from the measured current when the motor currents are measured in the
interrupt service routine:

Measure current ia and ig
ia = ia — Offseta
iz = ig — Offsets

5.2. Gate drivers and blanking time

The gate driver board in Figure 3 increases the 5 V control signals from the DS1104 board to 15 V. It
amplifies the low-power input from the controller to high-power output to provide enough voltage and current
to turn on and turn off the IGBT modules. The upper and lower switching states of a leg for every phase are
always complementary. In practice, there is a finite time for the IGBT to turn on (or turn off). Thus, to avoid
short circuit in a leg of a phase, a blanking time of 3ps is inserted for each phase to ensure proper operation.
The 3 phase PWM signals with blanking time can be generated using the PWM modulator that comes with the
DSP subsystem (slave). However, in FCS-PTC, PWM modulator is not needed since the switching states,
instead of duty cycles, are determined in the optimization stage. To make use of this feature, the duty cycles
for the three phases PWM are changed to either 1 or 0 for every sampling time, depending on the selected
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voltage vector within each sampling time. For example, if the selected voltage vector is v; (i.e. 001) is selected,
then the duty cycle of 0 for phase A, 0 for phase B and 1 for phase C are assigned. If VVmin is the selected
voltage vector based on cost function minimization, then the following pseudo codes illustrates how the PWM
modulator is used to produce the switching state for the VSI:

Initialize the slave DSP PWM communication:
Duty cycle for phase A = dutya
Duty cycle for phase B = dutys
Duty cycle for phase C = dutyc
blanking time is set to 3 ps
if(VVmin = Vo){

dutya = 0; dutyg = 0; dutyc = 0;}
else if(VVmin = vi){

dutya = 1; dutyg = 0; dutyc = 0;}
else if(VVmin = Vz){

dutya = 1; dutyg = 1; dutyc = 0;}
else if(VVmin = v3){

dutya = 0; dutys = 1; dutyc = 0;}
else if(VVmin = Va){

dutya = 0; dutys = 1; dutyc = 1;}
else if(VVmin = vs){

dutya = 0; dutyg = 0; dutyc = 1;}
else if(VVmin = Ve){

dutya = 1; dutyg = 0; dutyc = 1;}

5.3. Three-phase VSI

The IGBT modules manufactured by Fuji Electric is utilized for the VSI in this paper, as shown in
Figure 3. These modules have a rated voltage of 1200 V and a rated current of 100 A. Snubber circuits are
incorporated across each IGBT module to protect the IGBT modules from voltage spikes and prevent damage
due to rapid voltage rise. The snubber circuit provides an alternative path for the current when the IGBT switch
is open. It effectively dampens the voltage transients and reduces stress on the IGBT module. These snubbers
have a capacitance of 0.47 pF and a rated voltage of 1600 V.

5.4. Programming the DS1104 for FCS-PTC
The DS1104 is a controller board developed by dSPACE Inc. It comprises a master processor, the

MPC8240 Power PC, and a slave-DSP subsystem that utilizes the TMS320F240 from Texas Instruments.

Interfacing between the board and hardware is established through digital 1/0s, as well as ADC and DAC

channels provided on the board. In general, there are two methods available for programming the DS1104,

which are described below:

i) By constructing the control algorithm using Simulink, which is then compiled and uploaded to the DS1104
for real-time execution. In this case, the interface between the board and the hardware is facilitated through
the Simulink library provided by dSPACE. Consequently, there is no need for proficiency in a specific
programming language to program the board. The C program is automatically generated from Simulink,
compiled, and uploaded to the board, making it the simplest and quickest method for programming.
However, it is important to note that the generated C program is not optimized, resulting in unnecessarily
high sampling time and subsequently reducing the control bandwidth. For complex control algorithms, such
as those encountered in FCS—PTC that contain multiple predictions and estimations, the sampling time can
become unacceptably high.

ii) By manually writing C programs (hand coding) using C functions from the real-time library provided by
dSPACE, the C codes are then compiled, linked, and uploaded to the DS1104. This method is undoubtedly
more efficient than the previous one, as the C program is tailored to the specific needs. However, it comes
with the drawback of being time-consuming and tedious.

When dealing with detailed control algorithms, such as FCS-PTC, the second method appeared to be

the optimal choice. Employing the hand-coded C program enables achieving a remarkable sampling time of 40

ps something unattainable using Simulink. The interface between a user and the system is established via

ControlDesk, a software provided by dSPACE. Within the ControlDesk environment, users can download

applications to the DS1104, configure virtual instrumentation for monitoring purposes, and even perform real-

time automation and controller fine-tuning.
In general, FCS-PTC consists of 3 stages: estimation, prediction and optimization — this has been
discussed in the previous section. To implement the prediction and optimization stages, a loop structure is used.

Implementation of finite control set-predictive torque control based on the dSpace ... (Rozana Alik)
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As discussed earlier, to compensate for the delay due to the implementation, the prediction at the (k+2)" sample
(instead of (k+1)™) is used. The algorithm for the estimation, prediction and optimization stages is as follows:

Estimate the Torque and Stator Flux (k™ sample) — equations (10) and (11)

Predict Torque and Stator Flux for (k+1)" sample — equations (12), (13) and (14)

For voltage vector =0to 6

Predict Torque and Stator Flux for (k+2)" sample, using (k+1)" values as the initial condition —
equations (15), (16) and (17)

Calculate cost function based on equation (18)

Choose the voltage vector that gives minimum cost function, VVmin

Apply the VVmin switching state to the VSI.

6. RESULTS AND DISCUSSION

This section will elaborate on the experimental results obtained for FCS-PTC using two different WF
values. For clarity, the control drives are labelled as PTC5 and PTC30. PTCS5 refers to FCS-PTC with a WF of
5, and PTC30 refers to FCS-PTC with a WF of 30.

6.1. Speed dynamic performance

The performance of PTC5 and PTC30 during acceleration (from a standstill) and speed reversal is
analyzed to evaluate the speed dynamic characteristics. This is conducted by accelerating the motor from a
standstill to its rated speed of 150 rad/s, followed by a speed reversal to 150 rad/s as shown in Figure 5. Both
results demonstrate excellent dynamic performances for all methods. This observation suggests that the
dynamic responses of the speed responses of all methods are comparable.
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Figure 5. Speed acceleration and reversal performance: (a) PTC5 and (b) PTC30

6.2. Steady-state analysis

The steady-state performances of PTC5 and PTC30 are compared in terms of the flux and torque
ripples and THD of the phase current (THD,) at three different operating speeds of 30 rad/s, 80 rad/s, and
150 rad/s. Comparisons on flux and torque ripples are made based on the instantaneous waveforms of the flux
and torque, and further analyzed using the flux and torque standard deviations as the performance index.
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6.2.1. Flux response

The experimental results of the steady-state flux waveforms at these steady-state speeds are presented
in Figure 6. It is observed that PTC5 has the poorest flux response. This occurred because of the relatively low
flux control priority compared to the torque control. Specifically, the flux control is highly sensitive to the VV
selection at low speeds. Consequently, the flux response is inferior to other methods, resulting in a distorted
flux waveform. Nonetheless, as the speed increases, the flux response gets better.

For further analysis, each method calculates a standard deviation of the steady-state flux response, o,
to analyze the ripples. Table 3 summarizes the experimental results at three steady-state speed settings of
30 rad/s, 80 rad/s, and 150 rad/s. The results indicate that at a speed of 30 rad/s, the PTC5 exhibits the highest
oy, Which is 0.0131. By implementing PTC30 with a high WF, which is 30 within the system, at least 35%
reduction in o, is observed.

PTCS ; ! PTCS

PTC30

PTC30 . 04

0.25 : ! 0.11 0.115 0.12 0.125
0.085 0.09 0.095 0.1
Time (s) Time (s)
(@) (b)
0.4 T PTCS T y
Zoas,
z
3
T 03
0.25 L : i
0.215 0.22 0.225 0.23
PTC30

L 1 i

0.25*
0.215 0.22 0.225 0.23

Time (s)

(©

Figure 6. Flux response for FCS-PTC with WF of 5 and 30 at different speeds:
(a) 30 rad/s, (b) 80 rad/s, and (c) 150 rad/s

6.2.2. Torque response

The experimental results of the torque waveforms at these steady-state speeds are presented in
Figure 7. In order to further evaluate the steady state torque ripple, the standard deviation of the torque, ot for
both schemes is evaluated and presented in Table 3, PTCS produces the lowest ot at all speeds. However,
PTCS also, according to the previous discussion in section 6.1.1, PTC5 produces the highest flux ripple. Thus,
a lower value of the WF can only fulfil the torque ripple requirement since more priority is given to the torque
control than the flux control but, at the same time, sacrifices the flux control, thus resulting in a higher flux
ripple. Nonetheless, PTC30 provides higher o1 even though it has low flux ripple.

Table 3. Flux ripple, torque ripple, and current harmonic distortion for PTC5 and PTC30
under three different speeds

Speed (rad/s) PTC5 PTC30

30 80 150 30 80 150
Gy 0.0131 0.0115 0.0104 0.0065 0.0066 0.0067
or 0.0101 0.0101 0.0998 0.1390 0.1410 0.1430
THD, (%) 36.81 25.36 20.74 14.92 15.26 15.05
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Figure 7. Torque response for FCS-PTC with WF of 5 and 30 at different speeds:
(a) 30 rad/s, (b) 80 rad/s, and (c) 150 rad/s

6.2.3. Total harmonic distortion of the stator current (THD:)

The THD of the current measures the distortion of the current waveform due to the presence of
harmonics, which are multiples of the fundamental frequency. The higher the harmonics, the more distorted
the current waveform. This paper analyzes the %THD for both simulation and experimental using the FFT
analysis from Powergui MATLAB/ Simulink with a maximum frequency of 100kHz. Figure 8 presents the
experimental results for the current waveform of both methods at three different speeds of 30 rad/s, 80 rad/s,
and 150 rad/s. From these figures, it can be observed that at speeds of 30 rad/s and 80 rad/s, the PTC5 current
appears to be significantly distorted compared to the PTC30. To gain more insights, Table 3 summarizes the
% THD, for the current.

It is well recognized that the THD, is highly influenced by the torque and flux ripples of induction
motor drives [25]. The flux response mainly influenced the low harmonics components of the stator current.
In contrast, the torque response influenced the high harmonic components of the stator current or the switching
frequency of the inverter. As shown in the study [25], it is revealed that the flux control dominates more than
the torque control in determining the THD, of the drive system. For this reason, it can be seen that the analysis
of the THD; conducted in this section for PTC5 and PTC30 produces an almost similar pattern to that obtained
in the flux analysis presented in section 6.2.1. However, it gets better at high speed, which is 150 rad/s.

The results in Figure 8 depict that PTC5 exhibits the highest %THD,, indicating the most distorted
current waveform. This observation aligns with expectations, as PTCS5 is also recorded to exhibit the high flux
ripple at low speeds, as depicted in Figure 6. Meanwhile, PTC30 produces the lowest %THD, at all speeds.
This suggests that achieving optimal flux and torque performance using a constant WF across all speed
operations is impossible. It also implies that flux control should be prioritized at lower speeds and torque
control at higher speeds. This highlights the importance of selecting an appropriate WF value for each speed
condition to minimize torque and flux ripple.
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Figure 8. Current waveform for FCS-PTC with WF of 5 and 30 at different speeds:
(a) 30 rad/s, (b) 80 rad/s, and (c) 150 rad/s

This paper provides a comprehensive hardware implementation of the FCS-PTC method. The WF
used in this paper is notably low and high, emphasizing the importance of selecting an appropriate WF for the
FCS-PTC drive across all speed ranges. The results indicate that a low WF can enhance torque performance;
however, this negatively impacts flux control. Conversely, a high WF can improve flux performance and reduce
harmonic distortion, but it may compromise torque control.
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