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Abstract—The conventional direct torque control (DTC) for
permanent-magnet synchronous machines (PMSMs) uses
hysteresis comparators to determine a single voltage vector per
control period based on the torque and stator flux tracking
errors. The saturation controller-based DTC (SDTC) is a duty
cycle DTC strategy that uses nonlinear adaptive midpoint
saturation controllers to determine the duration of two active
voltage vectors and a zero voltage vector for each control
period. A new voltage vector table and the outputs of the
saturation controllers determine the duty cycle for each phase.
This paper proposes a mnovel model predictive SDTC
(MPSDTC) strategy for PMSMs with low sampling frequency,
fast transient response, and low steady-state torque and flux
ripples. The MPSDTC uses a computational model of the SDTC
to predict the torque, stator flux linkage, current, etc. of the
PMSM in the immediate next control period and possibly
future control periods. The predicted values are then used to
form a cost function that is minimized to find the optimized
saturation controller outputs. The MPSDTC has better
transient and steady state torque characteristic than the
traditional field-orientated control (FOC) or the SDTC.

Keywords—Model predictive control (MPC), permanent-
magnet synchronous machine (PMSM), saturation direct torque
control (SDTC)

I. INTRODUCTION

Direct torque control (DTC) is a popular method of high-
performance control of electric machines. Compared to the
more commonly used field-orientated control (FOC)
methods, DTC uses the torque and stator flux linkage of the
machine as the control variables instead of the d- and g-axis
currents. Conventional DTC has fast transient response and
does not require a position sensor [1]. Improving DTC has
been a popular research topic since its creation.

In conventional DTC, a switching table determines which
voltage vector will be applied to the inverter driven PMSM
according to the outputs of a torque and a stator flux hysteresis
controllers. The structure of conventional DTC is shown in
Fig. 1. Since the control strategy is implemented on digital
hardware (DSP or FPGA), the performance of DTC is affected
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by the sampling frequency of the controller. Lowering the
sampling frequency of DTC results in large steady state
ripples of the torque, stator flux linkage, and current [1], [2].
Higher sampling frequencies can improve performance but
increase the cost of the controlling hardware.

Much research has been conducted in reducing the steady
state torque and flux ripples of DTC. One option is to increase
the mumber of possible voltage vectors by using a multi-level
inverter, but this significantly increases hardware costs [3].
Duty cycle DTC (DDTC) uses modulation to implement the
given active voltage vector for a portion of the control period
[4]. DDTC can reduce steady state torque and flux ripple, but
commonly has a mean offset from the given torque and flux
reference values, making DDTC unfit for precise torque
control. Saturation DTC (SDTC) is a form of DDTC [5], [6].
SDTC wuses nonlinear adaptive midpoint saturation
controllers and an updated switching table to determine the
duty cycle of the inverter. Model predictive control (MPC) is
used in [7] to reduce DTC steady state ripple. MPC is found to
further improve the steady state ripple of DDTC in [8]. MPC
increases the complexity and computation time of DTC.

This paper proposes a model predictive SDTC
(MPSDTC) strategy, which applies the MPC principle to
find the optimized outputs of the SDTC controllers
according to the given cost function for the specified
prediction horizon. A novel cost function includes maximum
torque per ampere tracking and steady state torque ripple
minimization in addition to conventional torque and flux
tracking. Simulation and experimental results show the
transient and steady state performance improvements of
MPSDTC over SDTC and conventional FOC.
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Fig 1. Conventional DTC schematic.
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Fig. 2. SDTC schematic.

II. SATURATION DIRECT TORQUE CONTROL

A schematic diagram of SDTC is shown in Fig. 2. The
traditional hysteresis controllers are replaced with saturation
controllers and the conventional switching table is replaced
with a modified switching table and duty ratio modulation.

In SDTC, the duty ratio applied to the inverter is
determined from a multiple voltage vectors, instead of the
one used in DDTC. The additional hysteresis output cr
indicates transient or quasi-steady state situations to provide
additional information for the new switching table. SDTC
has a fast transient response like DTC, but has much lower
steady state torque and flux ripple

A. Nonlinear Adaptive Midpoint Saturation Controller

The output of the adaptive midpoint saturation controllers
is defined in (1) where x is the input to the comparator, B,, is
the bandwidth of the saturation controller, and &% is the
adaptive midpoint defined in (4) and (5). Using saturation
controllers provides continuous values from zero to one
instead of discreate values produced by traditional hysteresis
controllers.

0.5(sgn(x) +1), |x| =B,
sat(x,Bw) =105% 4 g, x|<B,

B. Modified Switching Table

The possible voltage vectors and the electric sectors for a
three-phase two-level inverter are shown in Fig. 3. The
proposed switching table is shown in Table I. From this
table, two active voltage vectors Vg and vae and a zero
vector Vi will be selected each switching period. The
inputs of the switching table are the sector number of the
stator flux vector location as shown in Fig. 3, and the output
of the additional hysteresis controller, cr. The value of ¢r for
the kth (current) time step is defined in (2) where er is the
output of the torque comparator and B, is the bandwidth of
the hysteresis controller.

1, erlk] > B,
crlk]l =40, er[k] < —B, 2
crlk — 1], ler[k]| < B,

If crlk] is 1, then the torque of the machine is less than
the reference torque by more than the torque bandwidth, so
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Fig 3. Inverter voltage vectors and segment of sectors in the af reference
frame.

Table I. Updated Switching Table

Sector 1 2 3 4 5 6
V2(110) | V5(010) | Va(011) | Vs(001) | We(101) | ¥4(101)
er=1 | VA(010) | ¥4(011) | ¥5(001) | Wa(101) | %3(100) | ¥a(100)
VA111) | w11D) | P11 | 11D | PKLLL) | PRLLD)
Va(101) | Vi(100) | ¥a(110) | V5(010) | Wa(011) | ¥s(101)
er=0 | Vx001) | Wi(101) | ¥3(100) | P4(110) | %5(010) | ¥i(100)
VA1) | w11D) | P11 | 11D | WKL) | PRl

active voltage vectors that will increase the torque will be
applied. If cr{k] is 0, then the torque of the machine is
greater than the reference torque by more than the torque
bandwidth, so active voltage vectors that will decrease the
torque will be applied.

The modified switching table is defined in Table I. Using
the voltage vectors determined from Table I, cr, sr and sy,
the duty cycle D is defined as follows.

stlsw * Vacrr + (1 — 5¢) * Vo]
+(1 — s7) * Vyero, cr=1
(1 —s7) * [sp * Vacpr + (1 — sy) * Vol
+S7 * Vzeros cg =0

D= 3

where Vacrt, Vaer2, and vzero are the three vectors selected from
Table I. The resulting three elements of the duty cycle vector
are the on time for each of the three phases of the inverter.
Changing the applied zero voltage vector is explored in [6],
and a constant zero vector of (111) will be used throughout
this paper.

C. Torque and Flux Adaptive Midpoints

The adaptive midpoints of the saturation controllers are
used to make the output of (1) symmetric about the midpoint
of the discrete change in the stator flux linkage vector. For
the torque saturation controller, the midpoint is derived from
the back electromagnetic force of the PMSM and the voltage
drop of the armature resistance [5]. The adaptive midpoint of
the flux saturation controller is based on equaling the d-axis
magnitudes of van and vaen as well as a slight speed offset
[5]. The torque adaptive midpoint mitigates steady state
torque tracking error, while the flux adaptive midpoint
eliminates periodic flux pulses. The equation for the adaptive
torque and flux midpoints are (4) and (5), respectively.
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d; (4)

where @, is the electrical angular speed, ¥; is the stator flux
linkage, I, is the stator current, R; is the stator resistance, T,
is the electromagnetic torque, & is the rotor position, and 7;
is the control period.

ITI. MODEL PREDICTIVE SATURATION DIRECT TORQUE
CONTROL

Model predictive control is a popular control method for
systems with long control periods, like chemical processing
and some kinds of finance. Advances in microprocessors have
made it possible for MPC to be used for systems with very
short control periods, like high performance motor drives. For
motor control, traditional MPC calculates the predicted torque,
flux, current, etc. resulting from each possible combination of
voltage vector inputs [7]. MPC is often called receding
horizon control because it repeatedly optimizes the system
control inputs for a given number of future steps, the
prediction horizon, at every new time step. The calculated
output variables are used to form a cost function, which is then
minimized. The terms in the cost function are multiplied by
weights to represent their significance to the overall control
strategy. The corresponding voltage vector in the immediate
next step that produced the smallest cost function value is then
implemented, and the process is repeated. If a MPC strategy
calculates output variables of the immediate next step, and one
future step it has a prediction horizon of one.

A. Torgue, Current, and Flux Calculations

To improve the performance of SDTC and to limit the
computation time of MPC, a novel method of MPSDTC is
proposed and shown in Fig. 4. In the MPSDTC, there are two
input variables: St and Sy for every future time step predicted.
The values of Sr and Sy range from 0 to 1. A continuous
control set version of MPC (CCS-MPC) is used to solve the
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Fig. 4. Proposed MPSDTC schematic.

optimization problem. The initial values of Sr and Sy are
calculated as in Section II, then additional values of Srand Sy
are generated with a Gaussian curve about the initial
calculated values. The optimization problem is solved using
particle swarm optimization with a fixed number of iterations.
This method only provides a local optimum but can be solved
faster than searching the problem space for a global optimum.

For each combination of input vectors, the resulting duty
cycele is found from (3). Each of the three elements in the duty
cycle are used to calculated time derivatives of torque, flux,
and current. The time derivative equation of torque is shown
in (6) [4].

dl, —-3p(1 1
s~ (L_ _ L_) (Im(U,) — wrRe(¥))
q d
3pR, ( 11 )
+ —— | Im(¥?)
4 \I2 " IZ }
3p (R
oL | LM + o, Re (%) ©®

where p is the number of pole pairs, Lyand L, are the d- and g-
axis stator inductances, respectively, U is the applied voltage
vector, w, is the rotor angular speed, and ¥, is the flux linkage
of the rotor permanent magnets. The discrete change in torque
for Va1, Va2, and vz, are calculated and multiplied by the
corresponding on times. For example, if ¢r is 1, then the
discrete change in toque AT, is given by (7).

dr,
AT, =Ts |srsy | ——
Us=vgct1

dt

+(1 at,
( ST)SIP dt Us=Vactz
dT,
+(1 B ST) (E Us:stm)l (7)

The standard equations for the time derivatives of the d-
and g-axis currents are shown in (8),

did _ (Ud — Rsid + ngqu)

dt La .
dig _ Uy = Relg + weLaia — ©e%) (8
dt 15

q

where i; and i, are the 4- and g-axis stator currents,
respectively, and Uyand U are the d- and g-axis components
of the applied voltage vector, respectively [9]. These equations
are used to find the discrete change in currents for each of the
three applied vectors, like in (7). These changes in currents,
Aig and Ai,, are used to predicted d- and g-axis currents (9)
and stator linkage fluxes (10) in the next time step.

iglk + 1] = iglk] + Aiy
{iq[k + 1] = iy [k] + A, 9

W[k + 1] = Lyi, [k + 1] (10)
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Fig. 5. lllustration of the torque nipple using two active voltage vectors and a
zero vector per switching cycle.

In steady state operating conditions, the duty cycle
modulation of the inverter results in a seven-step torque
waveform similar to that shown in Fig. 5, as would be
measured by a perfect torque sensor. These seven steps are
simplified into three steps for calculating the torque, currents,
and fluxes (6)-(10). The maximum and minimum changes in
torque for one control period, ATy, and ATy, ., can be
defined in (11). During steady state operation, the difference
between ATy, and ATy, can be minimized to help reduce
the torque ripple in one control cycle.

T, [Srsw (% ) +57(1 — s9) (% )]
Uz=w, U.=v
ATMax o s=Vacty > s=Vactz
dT,
Ts(l i ST) ( dt — )
By = e (1)

B. Cost Function

The cost function of the MPSDTC is defined by (12),
where N is the given prediction horizon, 7, is the reference
torque, |¥;|" is the reference flux magnitude, and Wr, Wr, Wy,
and Wz are weighting factors of torque, flux, current, and
torque ripple, respectively. To increase electrical efficiency, the
maximum torque per ampere tracking is implemented in the
cost function using the d- and g-axis currents [10]. A discount
factor of less than one, p, increases the impact of output
variables closer to those being implemented in the immediate
next step. The cost function terms are normalized and then
multiplied by individual weights to change their impacts
related to the goals of the MPSDTC. Torque is the most
important term, so Wt is the largest, followed by Wr, then W7
and Wx. The sum of all the weighting factors is equal to one.

Cost = ZN YW (T, — (T, + AT[k]))Z
k=0

2
+ Wy (I‘Ps’“[k]l — [Palk] + ‘P%[k])

2
+W; (sd[k] + L“; (130K~ ié[k]))
(12)

+ Wr(ATy g [K] — ATy, [K1)?]

Table II. Electric Machine Parameters

Rated power 180 W
Maximum speed 3000 rpm
Maximum torque 19N-m

Va 4175V
Rated current 785A
R; 0235Q
L; 0.275 mH
L, 0.364 mH
Pole pairs 4

IV. SIMULATION RESULTS

Three control strategies FOC, SDTC, and MPSDTC were
simulated using Matlab/Simulink to control a PMSM with the
parameters shown in Table II. The PMSM was operating in
torque control mode while a prime mover set the mechanical
operating speed at 100, 1000, and 1500 rpm. With a control
period of 100 us, each control strategy was simulated for a
step response of 0.75 N-m and steady state performance at
0.75 N-m. The MPSDTC simulation has a prediction horizon
of 1, meaning it predicts torque, current, flux, etc. for the
immediate next time step and one future time step. The torque
is determined from an ideal current sensor and machine
parameters sampled at a discrete simulation time step of 1 ps,
resulting in the jagged torque waveforms in Figs. (6) and (7).

All three control strategies have parameters that need
tuned. The FOC method has three PI controllers, two in the
“current loop™ and one in the “speed” or “torque loop™ in this
case. The gains in the PI controllers in the FOC current loops
were determined using a bandwidth of 2000 Hz and machine
parameters of the PMSM in accordance to [11]. The gains of
the PI controller in the outer loop were heuristically tuned at
each operating speed to produce sufficient transient response
and minimal steady state ripple, favoring transient response.
The torque bandwidth and flux bandwidth of the adaptive
saturation controllers were heuristically tuned to produce the
least amount of steady state ripple since the transient response
is already acceptable. The weights in the cost function of the
MPSDTC were manually tuned to produce acceptable
transient response, steady state ripple, and current THD.
Tuning for a reduced steady state ripple can increase the
current THD, and vice-versa. The resulting cost function
weights were used

The step response transient performance is shown in Fig.
6. For all operating speeds, the MPSDTC reaches the
reference the fastest, followed by the SDTC then the FOC.
The MPSDTC transient response consistently takes close to
200 ps, or 2 control cycles, to reach the reference for any
operating speed. The SDTC similarly takes close to 280 ps, or
just under 3 control cycles, to reach the reference at any
operating speed. The FOC takes 320 ps at 100 rpm and close
to 420 ps at 1000 and 1500 rpm to reach the reference. The
results are shown in Table IIL.
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Fig. 6. Simulated torque step response of FOC, SDTC, and MPSDTC at: (a) Fig. 7. Simulated steady state torque of FOC, SDTC, and MPSDTC at: (a)
100 rpm, (b) 1000 rpm, and (c) 1500 rpm. 100 tpm, (b) 1000 rpm, and (c) 1500 rpm.

The steady state performance of 5 control cycles is shown  current THD are measured over 200 control cycles. At 100
in Fig. 7. The peak to peak torque ripple, mean torque, and  rpm, the FOC has almost double the torque ripple of the
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Table IIL. Simulation Results

Rise Time |Peakto Peak |Mean Torque | A phase
Control (micro- Torque Ripple | Under Load | Current
RPM | Strategy | seconds) | (Nm) (Nm) THD
FOC 326 0.102 0.753 2.89%
SDTC 281 0.051 0.749 1.80%
100 | MPSDTC 185 0.047 0.756 3.54%
FOC 420 0.105 0.752 2.78%
SDTC 276 0.087 0.755 2.74%
1000 | MPSDTC 195 0.078 0.739 2.88%
FOC 421 0.105 0.755 2.91%
SDTC 271 0.105 0.755 3.58%
1500 | MPSDTC 201 0.092 0.751 3.48%

SDTC and the MPSDTC. This is due to the PI gains being
tuned for transient and steady state performance. At 1000 rpm
the SDTC has 17% less torque ripple than the FOC, and at
1500 rpm the SDTC and FOC have the same torque ripple.
The MPSDTC has 8% to 12% less torque ripple than the
SDTC. The MPSDTC also has a slight mean torque offset at
1000 rpm, which shows that slight inaccuracies in the model
can result in a mean torque offset. At 100 rpm, the A phase
current THD for SDTC is the lowest followed by FOC, due to
the PI controller gains tuned favoring transient response. The
higher current THD with MPSDTC could be attributed to the
cost function favoring torque over flux. At 1000 rpm, the
current THD of all control strategies are similar. At 1500 rpm,
the SDTC and MPSDTC have a slight increase in current
THD. The results are also shown in Table III.

V. EXPERIMENTAL RESULTS

Experimental studies are carried out on an electric motor
drive system to verify the transient and steady state results for
the FOC, SDTC, and MPSDTC. A block diagram of the
experimental platform is shown in Fig. 8 and a picture of the
experimental platform is shown in Fig. 9. A PMSM with the
same parameters listed in Table II is mechanically coupled to
a DC generator operating as the load. The PMSM is driven by
a three-phase two-level inverter powered by a DC bus at
41.75 V. The three control schemes are implemented on a
dSPACE 1104 real-time control system with a 100 ps control
and sampling frequency.

A continuous control sample MPSDTC model was too
computationally intensive for the used hardware, so a finite
control sample model was substituted. In this model, only
the immediate next step is considered, meaning it has a
prediction horizon of 0. The values of Srand Sy as calculated
in Section II are multiplied with a range of gains from 0.8 to
1.2 to give a range of input vectors. The cost of each of the
input vectors is calculated as in Section III. The values of St
and Sy comresponding to the minimal cost are then used to
calculate the duty cycle for the control cycle.

The transient results for a 0.75 Nm load step change at
1500 rpm for the FOC, SDTC, and MPSDTC are shown in
Fig. 10. The FOC has the slowest response time at 12.9
milliseconds, while the SDTC and the MPSDTC respond at
0.6 milliseconds. The steady state results of a 0.75 Nm load at
1500 rpm for the FOC, SDTC, and MPSDTC for 200 control
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P m I abe
-—
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DC-DC
Conwlhr
1 Signats | | | s
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Real-Time %

Control System

Fig. & Block diagram of experimental setup.
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Fig. 9. Picture of experimental setup.

-

periods are shown in Fig. 10. The SDTC has the highest torque
ripple at 0.097 Nm, followed by the FOC at 0.09 Nm, with the
MPSDTC having the lowest torque ripple at 0.077 Nm. There
is a slight mean offset with the FOC and the MPSDTC. The A
phase current THD of the SDTC is the highest at 9.28%,
followed by the MPSDTC and the FOC at close to 7.5%.

VI. CONCLUSION

This paper proposed using MPC to further improve the
transient and steady state characteristics of the SDTC.
Simulation and experimental results showed the proposed
MPSDTC offered a much faster transient response and
reduced steady state ripple over the conventional FOC and the
SDTC. In simulations with the same control period, the
MPSDTC had a 43% to 54% faster step response compared
with the FOC and 26% to 34% faster compared with the
SDTC. Simulations also showed that the MPSDTC had 25%
to 13% lower steady state torque ripple than the FOC and 13%
to 8% less ripple than the SDTC.

Experimental results showed that the SDTC had 8% more
steady state torque ripple than the FOC, but had a 95% faster
step response than the FOC with a PI controller in the outer
loop. The MPSDTC retained the fast transient response of the
SDTC but reduced the steady state torque ripple of the SDTC
by 21%. This results in the MPSDTC having a step transient
response 95% faster and a steady state torque ripple 14%
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Table IV. Experi tal Results
Peak to Peak | Mean Torque | A phase
Control Risze Time Torque Ripple | Under Load | Current
Strategy | (milliseconds) | (Nm) (Nm) THD
FOC 12.9 0.090 0.717 7.49%
SDTC 0.6 0.097 0.747 9.28%
MPSDTC 0.6 0.077 0.723 7.51%
lower than the conventional FOC with no meaningful change
in current THD.
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