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Abstract: Direct torque control (DTC) is considered one of the simplest and fastest control strategies
used in motor drives. However, it produces large torque and flux ripples. Replacing the conventional
two-level hysteresis torque controller (HTC) with a four-level HTC for a three-level neutral-point
clamped (NPC) inverter can reduce the torque and flux ripples in interior permanent magnet
synchronous motor (IPMSM) drives. However, the torque will not be controlled properly within the
upper HTC bands when driving the IPMSM in the medium and high-speed regions. This problem
causes the stator current to drop, resulting in poor torque control. To resolve this problem, a simple
algorithm based on a torque error average calculation is proposed. Firstly, the proposed algorithm
reads the information of the calculated torque and the corresponding torque reference to calculate the
torque error. Secondly, the average value of torque error is calculated instantaneously as the reference
torque changes. Finally, the average value of the torque error is used to indicate the operation of the
proposed algorithm without the need for motor speed information. By using the proposed algorithm,
the torque can be controlled well in all speed regions, and thus, a better stator current waveform can
be obtained. Simulation and experimental results validate the effectiveness of the proposed method.

Keywords: direct torque control; IPMSM; hysteresis torque controller; three-level neutral-point-
clamped inverter

1. Introduction

Interior permanent magnet synchronous motors (IPMSMs) have been the best choice for a variety
of industrial applications such as wind power generation, railway traction, cranes, and conveyors,
owing to their high efficiency, high power density, high reliability, and wide constant-power operating
range [1-4]. Therefore, the development of a highly efficient variable-frequency drive (VFD) is
compulsory for achieving high performance and robust control of IPMSM drives. Direct torque control
(DTC) is one such high-performance control strategy [5,6], which provides very quick dynamic torque
responses without requiring complex control structures. The classical DTC requires only the knowledge
of the stator flux position, torque reference, and stator flux reference. The main control blocks of this
structure include hysteresis torque controller (HTC), hysteresis flux controller (HFC), and look-up table
which includes all switching states of the inverter. However, there are a few issues associated with the
classical DTC strategy, namely high torque and flux ripples and variable switching frequency [7,8].

Many researchers have attempted to improve the operation of classical DTC. Introducing space
vector modulation (SVM) to DTC was the first such approach [9-11]. This technique used the reference
voltage vector; however, the appropriate reference voltage could not be estimated easily, and the
technique required large computational time for execution. The next approach introduced model
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predictive control (MPC), which required a predefined cost function to predict the output states to
obtain state variables and execute control-object optimization [12-19]. Another approach for improving
the classical DTC involved controlling the duty ratios of the applied voltage vectors (DDTC) [20-24].
In DDTC, the duty ratio was adjusted to reduce the ripples in the estimated torque and flux. However,
a critical issue in implementing DDTC was the determination of the duty ratios of the voltage vectors in
accordance with the operating speed of the motor. Moreover, a long computational time was required,
and it was very sensitive to the machine parameters.

In addition to the abovementioned high-performance techniques applied to improve the operation
of the classical DTC, multilevel inverters could reduce the torque and flux ripples, if replacing the
standard two-level inverter. Among the multilevel inverter topologies used in DTC drives, the three-
level neutral-point clamped (NPC) inverter was the most widely used inverter [25-30]. In DTC fed
by a three-level NPC inverter (3L-DTC), the selection of the applied voltage vectors was expanded
because of employing a higher-level (HTC), which was capable of utilizing all voltage vectors of the
three-level NPC inverter; thus, different speeds of stator flux linkage could be achieved to have a
predominant control of torque and flux [31-36]. In 3L-DTC, a four-level HTC had to be designed for
IPMSM drives using a twelve sector (51-52)-based switching table. This switching table is designed
based on the classical DTC switching table, but it is expanded from six sectors to twelve sectors.
The balancing of the three-level NPC inverter neutral point (NP) is very important to ensure a stable
control of the torque and stator flux. Therefore, the switching table is expanded further to include the
positive and negative switching of the small voltage vectors which are responsible for the balancing of
the three-level NPC inverter [37—-43]. Although the use of a four-level HTC reduced torque ripples,
there existed an offset between the estimated and reference torques in the medium and high-speed
regions [34]. This offset resulted in a drop in the stator current of the IPMSM, which degraded the
robustness of the 3L-DTC drives.

This paper proposes a simple algorithm to improve the torque capability of an IPMSM in the
medium and high-speed regions. The proposed method modifies the conventional four-level HTC,
based on torque error average calculation after obtaining the reference torque value and comparing
it to the calculated torque value. Compared to [34], the proposed torque capability improvement
technique does not need the information of the IPMSM speed. Therefore, the stability of the proposed
technique is very high especially in the low-speed regions. By using the proposed algorithm, the torque
is controlled well in all speed regions, thereby achieving a compensated stator current waveform.
Simulation and experimental results validate the effectiveness of the proposed method.

2. Mathematical Modelling of IPMSM

Figure 1 shows the phasor diagram of the IPMSM in the stationary (a—f), rotor (d—g), and stator
(f-t) reference frames. The stator flux As is aligned to the f-axis, whereas the permanent flux
linkage, Ay, is aligned to the d-axis. The dynamic behavior of the IPMSM can be described by
Equations (1)-(3) [32].

Figure 1. Phasor diagram of the Interior permanent magnet synchronous motor (IPMSM).
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The active flux A, is dependent on the d-axis component of the current, as shown in Equation (4).
The flux linkage expressions can be written in terms of the f and t components as follows:

Ar=As+ (L — Ly)isa 4)
Ay = Arcosd &)

Ay = —Apsind 6)
Asp = Lyisp+ Ayy @)
Ast = Lyist + At (8)

3. 3L-DTC for IPMSM

3.1. Torque and Stator Flux Estimation

As shown in Figure 2, the torque T, and stator flux As is estimated based on the conventional
voltage model, which requires only the information on the voltage and current vectors in the stationary
(a—p) reference frame. The main feature of this control structure is that it maintains the simplicity
of the classical DTC which is well known for controlling the electromagnetic torque and stator flux
directly. In this scenario, the reference values of both the torque and flux are needed. The advantage of
this control structure is that no need for the speed information for getting the torque reference value.
The stator flux reference A;* is set to 0.56 Wb which is slightly higher than the permanent magnet flux
As. The estimation of these two variables is given by the following equations:

Asa = [ (vsa — Rsisa)dt ©)
Asg = [ (vsp — Rsigp)dt (10)

Asl = (A2, + A2 (11)
T = 3 (Aswisg ~ Aspisa) 12)

where P denotes the number of pole pair of the IPMSM.
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Figure 2. Schematic block diagram of 3L- direct torque control (DTC) for IPMSM.
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3.2. Three-Level NPC Inverter

The circuit topology and switching state vectors of a standard three-level NPC inverter are shown
in Figures 3 and 4, respectively. Eighteen voltage vectors are used to drive the IPMSM over a wide
speed region. It is worth noting that the zero-voltage vector is not used in the IPMSM drives because it
degrades the control of the stator flux linkage. Twenty-four different switching states represent the
connections of the motor’s stator terminals to the DC-link terminals. The main advantage of employing
this inverter is that the output voltage is synthesized with more discrete levels, when compared to a
two-level inverter; therefore, the torque and flux ripples can be reduced.

p
v ' v
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Figure 3. Standard circuit topology of the three-level neutral-point clamped (NPC) inverter.
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Figure 4. Space vector diagram of the three-level NPC inverter.

The neutral-point voltage Vp of the three-level NPC inverter varies with the operating condition.
If the Vp deviates too far, an uneven voltage distribution takes place, which may lead to premature
failure of the switching devices and cause an increase in total harmonics distortion (THD) of the
inverter output voltage. In Figure 4, the small voltage vectors (vg) of the three-level NPC inverter has
positive (+) and negative (—) switching states. The (+) switching states means the phases are connected
to (+) DC-link and neutral point. Meanwhile, a (—) switching state means that phases are connected to
the neutral point and the (-) DC-link. The main cause of the Vp deviation is mostly because of the
(+) and (-) switching states of the vg. vs™ is responsible for increasing the lower DC-link capacitor
voltage, whereas the vs~ decreases the lower DC-link capacitor voltage. One of the effective methods
in balancing the Vp in 3L-DTC is using the hysteresis voltage controller (HVC) as shown in Figure 5.
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Figure 5. Hysteresis for the three-level NPC inverter balancing control.

The operational principle is simplified in a few steps as shown in Figure 6. Firstly, both upper and
lower capacitor voltages V1 and V; are obtained. Then, if the upper DC-link capacitor voltage V1
is higher than the lower DC-link capacitor voltage V¢, then (+) switching states are applied and if V;
< Vo then () switching states are applied. For simplicity, the output of the Vp balancing controller is
Ve status- The (+) switching states means the V¢ g4445 is 1, meanwhile for () switching states, the Vi o115
is 0. The HVC band size is set to 1% of the applied DC-link voltage which is about 3 V. This limitation
will keep the Vp balanced in all operating conditions especially at low-speed region of the IPMSM.

Vo & Ve are obtained

Y

| Veer. =Va-Va |

Yes No

Vestatus =1 Vestatus =0

Figure 6. Three-level NPC inverter balancing control.

3.3. Look-Up Table

The switching table used in the proposed 3L-DTC for the IPMSM drive is shown as Table 1. It is
evident that the voltage vector space is divided into 12 sectors (S1-512) of 30° each, as shown in
Figure 4. These sectors are used to determine the position of the stator flux As as it rotates in a space
vector diagram of the three-level NPC inverter. For example, when the A; is in 51, and the IPMSM
needs to operate in the low-speed region in the forward direction, vsy needs to be selected to increase
the T,. Similarly, to reduce the T, to match the lower band, vgs needs to be selected. The arrangement
of the look-up table is based on the output status of the four-level HTC, the two-level HFC, and the
two-level HVC (see Figures 5 and 7).
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Table 1. Look-up Table for 3L-DTC.

Flux +1 -1
Torque +2 +1 -1 -2 +2 +1 -1 -2
Cap. Voltage 1 0 1 0 1 0 1 0

Sector
S1 e vt vs” wvsst vssT vis vwmi vsiT vsiT vset UseT Ui
S2 vz vt vsyT vssT vssT ums v vsit vsiT vset UseT  Uwe
S3 oz Usst vs3T vset UssT ve vwme vt vsT vsit wsT g
S4 vs vsst vs3T vset UsgT UM Uiz vt vsT vsit vsiT owmn
S5 oms vt vssT vsit vsT v ovms vt ussT vt vsT v
S6 vs vt vssT vs1t vsiT owmn U4 U3t vs3T vt v vmp
S7 oms  Usst vssT vt vT v vms st vssT vt vt g
S8 v Usst vssT Ut vsT vmp U5 vsst vy vs3t vs3T s
89 oMe  UseT Use” w3t vs3T w3 Ums  UssT UssT vUsat vsaT Ui
S10 vl Uset vssT U3t vs3T Ums Ui UssT UssT Usst UsaT  Uwa
S11 omi vs1T vsiT vsat vsaT vig ome vset UseT vssT vssT  vis
S12 vy vs1t vs1T vsat vsuT Uma UL Vs’ Usg. Usst UssT Uwms

The output status of these controllers depends on the torque, flux, and NP demands. The rules for
obtaining the output status of these controllers are given by the following equations:

+2 fOT Te error 2 AT,
T _ +1 for AT, /2 < Te error < AT, (13)
e status =1 for  =ATe < Teerror < —AT, /2
-2 fOT’ Te error < —AT,
+1 fO]’ As error 2 +AA5/2
1 B 14
s status { -1 fOV As orror < —AAg/2 (14)
1 fOT Ve error 2 V¢ band /2
v _ 15
C status { 0 fm, Ve error < =V pand/ 2 (15)

The four-level HTC has four possible output states for all operating conditions of the torque
response of the IPMSM. For example, when the torque status T starys is +2 and +1 the IPMSM is
operating in medium—and high-speed regions are in the forward direction. While when the torque
status Te sttus is —2 and —1 the IPMSM is operating in medium—and high-speed regions are in the
reverse direction. The low-speed region requires only vg, which means the torque status T, starus +1
and —1 need to be selected.

The same principle is applied to the two-level HFC and two-level HVC controllers. For example,
for robust control of the flux in a circular trajectory, the flux status As sius output is 1 and —1 for
increasing and decreasing the flux magnitude within the flux band. In the case of the HVC controller,
when the vg* is required, the V¢ g1,s needs to be selected as 1 and when the vs™ is required, the
V¢ status Needs to be selected as 0 to ensure the balancing of the Viyp.

3.4. Conventional Four-Level HTC

The conventional four-level HTC design is shown in Figure 7b. By using this topology and the
look-up table (see Table 1), the IPMSM can operate over a wide speed region with reduced torque
ripples, when compared to that of the 2L-DTC. However, in the medium and high-speed regions,
the torque is not controlled within the upper bands, which causes the stator current to drop due
to the resulted offset in torque response. As shown in Figure 8, the torque is well controlled in the
lower-torque bands when the IPMSM operates in the low-speed region.
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Figure 7. Hysteresis controllers: (a) two-level hysteresis flux controller (HFC); (b) four-level hysteresis

torque controller (HTC).
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Figure 8. Problem associated with the conventional four-level HTC.

The “+1” torque state increases the torque, while the “~1" torque state decreases the calculated
torque. The operating speed of the IPMSM increases by more than half of the base speed, and the
torque error exceeds that of the lower torque bands, which necessitates the application of the medium
and large voltage vectors to achieve effective control in the medium and high-speed regions. As a result,
the calculated torque does not follow the torque reference, which causes a drop in the stator current and
degrades the performance of the 3L-DTC. Consequently, the calculated torque error average T ¢r. aoe.
in the medium and high-speed regions will be greater than that of the torque lower bands, when
compared to that in the low-speed region operation.

3.5. Proposed Four-Level HTC

To solve the issues associated with the conventional four-level HTC, a simple algorithm based
on Te err. ave is realized (see Figure 9). It only requires information of the calculated torque T, o, and
reference torque T, ref. tO calculate the torque error T ¢.; it then calculates its average T ¢rr. ave-

During low-speed operation, the calculated T ¢r. 4ve is zero because the torque reference lies in
the middle of the lower torque bands. Therefore, the algorithm maintains the same operation in the
low-speed region and only adds an offset of approximately half of the torque band to the precalculated
T err. ave in the medium- and high-speed regions. By using this proposed simple algorithm, the torque
can be controlled over a wide speed region, and as a result, the stator current will be compensated.
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| Read T ref., Tecatand AT. |

Y

| Teerr. = Te ref. — Te cal. |

Y
| Te err.avg. = (Te errmax + Te err‘min)/z |

Te err.avg. > | ATe/Z |

Y Y

T. err.avg.(new) = T. err.avg. Te err.avg.(new) = T. err4avg4+A Te/2

Figure 9. Proposed torque capability improvement algorithm.
4. Simulation Results

The system was simulated using the PSIM software tool to prove the robustness of the proposed
four-level HTC over the conventional four-level-HTC-based DTC control methods for IPMSM drives.
The IPMSM specifications and parameters for the simulation are presented in Table 2. The torque band
AT, and flux band AAs sizes were set to 3 Nm and 0.001 Wb, respectively. The sampling time for the
proposed system was 70 s to ensure that there was no calculation burden on the system under all
operating conditions.

Table 2. IPMSM Parameters.

Quantity Value
Rated power 11 (kW)
Rated current 19.9 (A)
Rated speed 1750 (r/min)
Rated torque 60 (Nm)

Stator resistance 0.349 (Q))
d-axis inductance 13.17 (mH)
g-axis inductance 15.60 (mH)

Permanent magnet flux 0.554 (Wb)
Number of pole-pair 3
Moment of inertia 0.02 (kg:m?)

Figure 10 shows the simulation results of the conventional and proposed four-level HTC strategies.
It is evident that the issue of the offset in the torque response is present only in the medium and
high-speed regions. The conventional four-level HTC has poor performance with respect to the torque
response during the steady-state and dynamic response operations. The stator current peak value
is peqk iN the low-speed region is 3.94 and 7.96 A at 5 and 15 Nm, respectively. However, is jepx drops
to 1.90 and 5.59 A at 5 and 15 Nm, respectively, because of the offset during the torque response
to the reference torque value when the IPMSM operates at 600 r/min. This offset is compensated
using the proposed algorithm, which results in a better torque response and stator current waveforms.
The proposed four-level HTC improves the torque response in the medium- and high-speed regions
and results in is ye;r compensation of 2.81 and 6.84 A at 5 and 15 Nm, respectively.

Figure 11 shows the simulation zoomed results of the conventional and proposed four-level HTC
strategies. In Figure 11a, the torque response is well controlled where the operated speed of IPMSM
is 150 r/min. The problem associated with the conventional four-level HTC in the torque response
in clearly shown in Figure 11b. As a result of applying the proposed algorithm for improving the
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operation of the conventional four-level HTC in the medium and high-speed regions of the IPMSM,
the torque response is improved, and the offset is compensated as shown in Figure 11c.

Figure 12 shows the simulation result of the four-level HTC at 150 r/min under NP balancing
control of the three-level inverter. It is shown that the NP balancing control is robust even when a
sudden torque load of 5 Nm is applied to the system. The NP balancing control keeps the DC-link V¢
and V-, are balanced within the V¢ pu4-
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Figure 10. Cont.
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Figure 10. Simulation results of the transient-state operation: (a) conventional four-level HTC at

150 r/min; (b) conventional four-level HTC at 600 r/min; (c) proposed four-level HTC at 600 r/min.
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Figure 11. Simulation zoomed results of the transient-state operation: (a) conventional four-level HTC
at 150 r/min; (b) conventional four-level HTC at 600 r/min; (c) proposed four-level HTC at 600 r/min.
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Figure 12. Simulation result of the transient-state operation of the conventional four-level HTC under

neutral-point balancing at 150 r/min.

5. Experimental Validation

Figure 13 shows the experimental setup used to verify the effectiveness of the proposed
four-level-HTC-based DTC of the IPMSM drive. The hardware setup consists of a TMS320F28335
digital signal processor (DSP) control board, DC power supply, and an induction motor (IM), which is
operated as a mechanical load and IPMSM. The control period of the system is set to 70 us to ensure
the robustness of the DTC under all operating conditions.

B 31 -NPC inverter

Figure 13. Experimental setup.

Figure 14 shows the experimental results of the conventional and the proposed four-level-HTC-
based DTC methods during transient-state operation when a sudden disturbance of an external load
torque of 5 Nm is applied to the IPMSM during its operation at a constant speed of 400 r/min. Initially,
the reference torque was set to 10 Nm; it was then stepped down to 5 Nm and stepped up to 10 Nm
again. From the figure, the issue with the offset in the torque response associated with the conventional
four-level HTC is evident. The torque error average is greater than the offset value; therefore, the simple
proposed algorithm detects this offset in the torque response and then adds an offset to the Te ¢rr. ave



Electronics 2020, 9, 1558 12 of 16

to compensate for both the torque and stator current of the IPMSM. The zoomed results of both the
conventional and proposed methods show the improvement achieved in both the torque and stator
current responses during the steady-state and transient-state operations. The main advantage of the
proposed method is that it does not require any speed information and operates normally without any
issues in the low-speed regions as well.

Figure 15 shows the experimental result of the four-level HTC at 150 r/min under NP balancing
control of the three-level inverter in the steady-state operation. It is shown that the NP balancing
control is robust, and both the torque and stator current responses are well controlled. When a sudden
torque load of 5 Nm is applied to the system as shown in Figure 16, the torque and stator current are
under control due to the effective NP balancing control.

The zoomed experimental result of the torque response of the four-level HTC at 150 r/min is
shown in Figure 17. It is clearly evident that the main merit of the DTC is attained as the torque follows
the reference value when it changes from 5 Nm to 10 Nm.
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Figure 14. Experimental results of the transient-state operation at 400 r/min: (a) conventional four-level

HTC; (b) proposed four-level HTC.
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Figure 15. Experimental result of the steady-state operation under neutral-point balancing at 150 r/min.
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Figure 16. Experimental result of the transient-state operation under neutral-point balancing at 150 r/min.
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Figure 17. Experimental zoomed result of the transient-state operation neutral-point balancing at 150 r/min.

6. Conclusions

In high-performance motor drives, a highly efficient system is required. The IPMSM machine is
considered one of the highly efficient machines in the industry for its high-power density, high reliability,
and wide constant-power operating range. Advanced control techniques are required for achieving
a superior control of the IPMSM drives. Among these techniques is the well-known DTC which
is presented in this paper. To reduce the torque and flux ripples, a four-level HTC has replaced
the conventional two-level HTC for IPMSM drives fed by a three-level NPC inverter. Although,
a great ripples reduction of both torque and stator flux has been achieved by using the four-level
HTC, there is a poor torque response when the IPMSM operates in medium and high-speed regions.
To alleviate this issue, a simple algorithm to improve the torque capability of an IPMSM in medium
and high-speed regions is proposed. The proposed method modifies the conventional four-level
HTC based on the torque error average calculation without requiring speed information. By using
the proposed algorithm, the torque was controlled well in all speed regions, and hence, a better
stator current waveform was achieved. The proposed method attains the advantage of classical
DTC in the simplicity of implementation and a very quick dynamic response. In addition, there is
no calculation burden in implementing the proposed method under various operating conditions.
The simulation and experimental results indicate that the proposed four-level HTC for the 3L-DTC
drives improves the torque response in the medium and high-speed regions and compensates the
stator current. Moreover, the NP of the three-level NPC inverter is balanced in the steady-state and
transient-state operations. Therefore, the proposed algorithm can be considered as a good choice for
high-performance applications utilizing IPMSM drives.
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