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Abstract 

In permanent magnet synchronous motor drives, d-q current errors are examined using hysteresis 

controllers. The inverter is switched based on the hysteresis controller responses, to limit current 

errors, thereby reducing current ripple. But, due to the faster current dynamic characteristics, 

switching the current errors within the hysteresis band becomes difficult. This results in d-q 

current ripples and harmonics. In this paper, two current error-limiting schemes are proposed. In 

the first scheme, current errors are switched within the band using additional control parameters 

(dynamic response of q-axis current), to select the control space vector from a switching table. 

Whereas in the second scheme, a duty ratio regulator is designed to achieve minimum q-axis 

current error. The proposed works are simulated in MATLAB/Simulink and verified through 

experimentation. Since the current ripple and harmonics are also reduced, the thermal impact of 

these performance parameters on the power inverter is also studied. 
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1. INTRODUCTION 

 

A permanent magnet synchronous motor (PMSM) is known for its high-power density and efficiency [1, 

2]. PMSM drives are controlled widely using either direct torque control (DTC) or field-oriented control 

(FOC) schemes [3, 4]. DTC has a simple control structure (with hysteresis band and switching table) for 

decoupling stator flux and electromagnetic torque (as shown in Figure 1) [5-7]. 

 

 
Figure 1. Control structure of the DTC scheme 
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The major advantage of the DTC-based PMSM drive is the high dynamic torque response. Whereas the 

structure of DTC results in high torque ripple and current harmonics [8-10]. In the FOC-based PMSM drive, 

stator d-q current components are regulated to achieve decoupled control of torque and rotor flux (as shown 

in Figure 2) [11, 12]. The direct current regulation in FOC leads to lower current harmonics than in DTC 

[8]. During current regulation, FOC also suffers from current ripples and unbalanced conditions, while 

switching the phase current errors [13, 14]. To improve the current regulation in FOC, various current 

regulation strategies have been discussed in the literature [15- 58].  

 

 
Figure 2. Block diagram of the field-oriented control scheme 

 

 
Figure 3. Block diagram of the hybrid torque and flux control scheme 

 

The current regulation strategies for FOC can be classified into linear and non-linear current regulators 

[13]. Linear current regulators utilize conventional pulse width modulators (PWM) such as sinusoidal 

PWM, space vector PWM etc., for current regulation. Nonlinear current regulation strategies can be 

categorized as hysteresis controllers [17, 18, 38–45], online optimal controllers [46–50] and soft-computing 
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controllers [51–68]. Due to the presence of PWM controllers, linear current regulators provide better 

performance than non-linear controllers, which includes constant switching frequency, current 

characteristics (lower ripple and harmonics), lower torque ripple and good DC-link utilization [13]. But 

nonlinear controllers provide good error tracking, and simple and robust control compared to linear 

controllers [1, 2, 14].   

 

Among non-linear current regulation strategies, space vector-based FOC schemes are preferred because of 

their constant switching frequency, balanced phase currents, linear current control characteristics, and good 

DC-link voltage utilization [17-19]. In the early 1990s, Kazmierkowski et al. introduced a hysteresis 

controller and switching table-based FOC control scheme [17-18]. The switching table has been designed 

to provide space vectors for the inverter control based on the hysteresis controller output as shown in Figure 

3. This control structure is like the DTC control structure in Figure 1. Thus, this scheme can also be known 

as the hybrid torque and flux control (HTFC) scheme. This scheme results in d-q current ripples, because 

of the inaccurate switching of the control voltage vector, based on the d-q current error condition within 

the hysteresis band [18]. 

 

In this paper, HTFC-based PMSM drive performance is analyzed and improved HTFC schemes are 

proposed. The objective of the proposed schemes is to limit the current component errors, such that current 

ripples and harmonics are reduced as well. Since these characteristics influence the inverter losses, the 

thermal impact of the discussed HTFC schemes is also studied. 

 

2. HYBRID TORQUE AND FLUX CONTROL SCHEME 

 

2.1. Control Principle 

 

The HTFC scheme works on the principle of the FOC scheme. PMSM can be modelled as follows [2], 
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The stator phase currents can also be expressed in terms of load angle and synchronous speed as, 
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Park’s transformation equation for the stator phase currents is 
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On substituting (5-7) in (8), 
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Since δ is a constant for given load torque, the d-q axes currents are constants in the synchronous reference 

frame. From stator flux Equations (2-3), electromagnetic torque Equation (4) can be rewritten as, 
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On substituting, the d-q axes stator currents in (9), 
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In the electromagnetic torque Equation (14), Ld ≤ Lq and thus, the first torque component (reluctance) is 

positive only if 0e

dsi  . For 0e

dsi  , the permanent magnet flux is reduced. Thus, the e

dsi current is taken as 

zero in FOC for PMSM during constant torque operation. This means that the electromagnetic torque in 

PMSM can be controlled by controlling the q-axis stator current and the stator current is aligned with qe-

axis. 

 

2.2. Control Block Diagram 

 

In the HTFC-based PMSM drive (shown in Figure 3), the reference 
e

qsi current is calculated from the 

command torque using Equation (15). From Equation (14), 
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Table 1. Switching table of the HTFC-PMSM drive 

 
Hids 1 0 -1 

Hiqs 1 0 -1 1 0 -1 1 0 -1 

Sectors 

S1 V2 V1 V6 V3 V0 V6 V3 V4 V5 

S2 V2 V1 V1 V3 V0 V6 V4 V4 V5 

S3 V2 V2 V1 V3 V0 V6 V4 V5 V5 

S4 V3 V2 V1 V3 V0 V6 V4 V5 V6 

S5 V3 V2 V1 V4 V0 V1 V4 V5 V6 

S6 V3 V2 V2 V4 V0 V1 V5 V5 V6 

S7 V3 V3 V2 V4 V0 V1 V5 V6 V6 

S8 V4 V3 V2 V4 V0 V1 V5 V6 V1 

S9 V4 V3 V2 V5 V0 V2 V5 V6 V1 

S10 V4 V3 V3 V5 V0 V2 V6 V6 V1 

S11 V4 V4 V3 V5 V0 V2 V6 V1 V1 

S12 V5 V4 V3 V5 V0 V2 V6 V1 V2 

S13 V5 V4 V3 V6 V0 V3 V6 V1 V2 

S14 V5 V4 V4 V6 V0 V3 V1 V1 V2 

S15 V5 V5 V4 V6 V0 V3 V1 V2 V2 

S16 V6 V5 V4 V6 V0 V3 V1 V2 V3 

S17 V6 V5 V4 V1 V0 V4 V1 V2 V3 

S18 V6 V5 V5 V1 V0 V4 V2 V2 V3 

S19 V6 V6 V5 V1 V0 V4 V2 V3 V3 

S20 V1 V6 V5 V1 V0 V4 V2 V3 V4 

S21 V1 V6 V5 V2 V0 V5 V2 V3 V4 

S22 V1 V6 V6 V2 V0 V5 V3 V3 V4 

S23 V1 V1 V6 V2 V0 V5 V3 V4 V4 

S24 V2 V1 V6 V2 V0 V5 V3 V4 V5 

 

In a synchronous reference frame, the phase currents are transformed into d-q current components (
e

dsi and

e

qsi ) and compared with the corresponding reference currents (
*e

dsi and
*e

qsi ). The current errors (
e

dsi and

e

qsi ) are examined using 3-level hysteresis controllers, whose outputs are given in Equations (16-17). 

 
e
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e

qsi hysteresis band output, 
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Figure 4. Active voltage vectors in the control space 

 

The hysteresis controller outputs and the electrical rotor angle generate the required space voltage vector 

using a switching table (as in Table 1). The d-q axes currents move in the direction of the applied space 

voltage vector. The control voltage space vectors (refer Figure 4) are placed in the switching table, such 

that the d-q current errors are limited. 

 

3. PROPOSED SCHEME 1 – MUTATED SWITCHING TABLE (MST) SCHEME 

 

In the conventional HTFC scheme, d-q axes stator current errors are controlled by applying six active 

voltage vectors. When the active voltage vector is applied, the dynamic response of the current errors is 

maximum. This makes switching at the instant when the current errors reach any level of the hysteresis 

band, a challenge. 
 

To assure appropriate switching, the MST scheme proposes a 4-level hysteresis band for the 
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qsi current 
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intermediary control voltage is applied to reduce the dynamics of the 
e

qsi current error at the hysteresis level 

of (+1,-1). This reduces the response (rate of change) of the 
e

qsi current and ensures switching at the outer 

boundary of the 4-level hysteresis band (+2,-2). The application of the zero-voltage vector reduces the stator 

flux. To avoid a zero-voltage vector, the zero hysteresis levels are skipped in both d-axis and q-axis 

hysteresis bands. 
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Figure 5. Block diagram of the MST scheme-based PMSM drive 

 

 
Figure 6. Active and intermediary voltage vectors in control space 

 
The MST-based PMSM drive is shown in Figure 5. Using the intermediary voltage vectors, a switching 

table (refer to Table 2) is formulated. It can be observed from Figure 5 and Table 2 that an additional 

parameter (the sign of the rate of change of 
e

qsi current) for control voltage vector selection is incorporated. 

This parameter is used to avoid inappropriate switching at the (+1,-1) levels of the 
e

qsi current error 

hysteresis band. For example, assume the sign of the rate change of the 
e

qsi current is negative. This means 

that the slope of the current error is positive in the hysteresis band. The current error is required to be 

switched at the +1 hysteresis level, such that its dynamic response is slowed down before reaching the +2 

hysteresis level. Thus, based on the sign of the rate change of the 
e

qsi current, the switching of the 
e

qsi current 

error at the -1 level is avoided.  
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The space vector representation for the switching table (refer to Table 2) is shown in Figure 6. At a 50% 

duty ratio, bounding active voltage vectors are switched to generate the intermediary voltage vectors. 

 

Table 2. MST-Scheme-switching table 

 Sectors 

Hids 
e

qsdi

dt
 Hiqs S1 S2 S3 S4 S5 S6 

+1 

Positive 

+2 V2 V3 V4 V5 V6 V1 

+1 V2 V3 V4 V5 V6 V1 

-1 V12 V23 V34 V45 V56 V61 

-2 V6 V1 V2 V3 V4 V5 

Negative 

+2 V2 V3 V4 V5 V6 V1 

+1 V61 V12 V23 V34 V45 V56 

-1 V6 V1 V2 V3 V4 V5 

-2 V6 V1 V2 V3 V4 V5 

-1 

Positive 

+2 V3 V4 V5 V6 V1 V2 

+1 V3 V4 V5 V6 V1 V2 

-1 V34 V45 V56 V61 V12 V23 

-2 V5 V6 V1 V2 V3 V4 

Negative 

+2 V3 V4 V5 V6 V1 V2 

+1 V45 V56 V61 V12 V23 V34 

-1 V5 V6 V1 V2 V3 V4 

-2 V5 V6 V1 V2 V3 V4 

 

4. PROPOSED SCHEME 1 – MUTATED SWITCHING TABLE (MST) SCHEME 

 

The objective of the DRM scheme is to find the duty ratio of the control vector, such that the RMS current 

ripple is minimum in control sampling time (tcs). This optimal duty ratio is estimated from the dynamic 

response of the 
e

qsi current and the RMS current ripple. The RMS 
e

qsi current ripple over a control sampling 

time (tcs) can be expressed as, 
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For instance, assume an active voltage vector is applied, and the 
e

qsi current increases with a slope of S1 (as 

shown in Figure 7) in time 0-ts. Then, a zero-voltage vector is applied. This reduces the 
e

qsi current in time 

tcs-ts (negative slope, S2). If 
e

qsoi is the initial 
e

qsi current, the positive and negative slope intervals (from 

Figure 7) can be expressed as, 
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Figure 7. q-axis current dynamics over the control sampling time, tcs 

 

From the calculus maxima and minima principle, the following condition needs to be satisfied to achieve 

minimum
e

qsi ripple, 
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Thus, a relationship between the RMS 
e

qsi current ripple and the minimum ripple condition can be 

established by solving Equations (20)-(21) [26]. Therefore, 
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The optimal active vector switching time (ts) is calculated from (22) [59] 
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To solve the above equation, first, the dynamic response of the 
e

qsi current during positive slope and 

negative slope (S1 and S2) should be known.  
 
From the stator q-axis voltage Equation (1), 
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For a small sampling period tsp, (25) can be represented as, 
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When the zero-voltage vector is applied 
e

qsi current becomes zero, thus the positive and negative slopes are 

deduced from (26) as, 
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From (27)- (28), the optimal duty ratio can be calculated using (23) in the duty ratio modulation block of 

the proposed DRM scheme as shown in Figure 8. The implementation flow chart of this block is presented 

in Figure 9. In this scheme, two-level hysteresis controllers are used as 
e

dsi and 
e

qsi current error controllers. 

The space vector representation of the control voltage vectors and the switching table for this scheme are 

given in Figure 10 and Table 3 respectively. 

 

 
Figure 8. Block diagram of the DRM scheme 
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Figure 9. Implementation flowchart of the duty-ratio calculator block 

 

 

 
Figure 10. Active voltage vectors in control space with 6-sectors 
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Table 3. Switching table of the DRM scheme 

Hids Hiqs 
Sectors 

S1 S2 S3 S4 S5 S6 

+1 
+1 V2 V3 V4 V5 V6 V1 

-1 V6 V1 V2 V3 V4 V5 

-1 
+1 V3 V4 V5 V6 V1 V2 

-1 V5 V6 V1 V2 V3 V4 

 

5. RESULTS AND DISCUSSION 

 

The parameters of the 1kW three-phase test PMSM are tabulated in Table 4. The conventional HTFC and 

proposed (MST and DRM) schemes are simulated and verified in experimentation. The fundamental 

sampling time is 10μs. The 
e

dsi and 
e

qsi error control hysteresis bandwidth is 0.05 A. 

 

Table 4. 1kW, 3-Phase PMSM drive 

Nameplate details/Parameters Values 

Voltage 220 Vac 

Speed 4600 rpm 

No. of pole pairs 3 

Rotor magnet flux 0.16 Wb 

Stator phase resistance 2.05 Ω 

Stator phase inductance 6.68 mH 

 

 

 
Figure 11. Experimental test setup 

 

In the experimental setup (shown in Figure 11), conventional and proposed schemes are programmed in 

the dSpace 1103 controller, and the generated control pulses are given to the inverter drive. The three-phase 

inverter circuit is designed using an intelligent power module (FSBB20CH60). The inverter dead time is 

2.5μs. The inverter phase currents are measured using an ACS712 bidirectional sensor. For loading the 

PMSM drive, it is coupled with the brake drum. 
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5.1. HTFC Scheme 

 

The drive speed of the PMSM drive is set at 4600 rpm and the drive performance observed during 

simulation and experimentation is presented in Figures 12 and 13, respectively. At 1s, a load of 2Nm is 

applied to the motor. The 
e

dsi and 
e

qsi currents are controlled using three-level hysteresis controllers. The 

inverter switching error at the appropriate level of the hysteresis band cause ripples in the d-q axes currents. 

The 
e

dsi and 
e

qsi current errors are observed to be 0.23A and 0.28A respectively. 

 

 

 
Figure 12. HTFC-based PMSM drive: Simulation results 
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Figure 13. HTFC-based PMSM drive: Experimental results at 4600 rpm 

 

The presence of ripple in the torque component of the current has resulted in the torque ripple of 0.12 Nm 

and 0.15 Nm in simulation and experimentation respectively. The current harmonics is 7.08% (refer to 

Figure 13). The d-q axes current ripples have distorted the waveform of the stator current and high total 

harmonic distortion (THD) has been observed. 

 

5.2. MST Scheme 

 

The drive performance of the MST-based drive at 4600 rpm is depicted in Figures 14-15. In this scheme, a 

4-level hysteresis controller for 
e

qsi current error control is suggested. The dynamic response of the 
e

qsi error 

is decreased at the ±1 level, such that the inverter can be switched at the appropriate instant (±2 level of the 

hysteresis band). Thus, a reduction in the 
e

qsi ripple of 32.14% is observed with respect to the conventional 

HTFC scheme. The 
e

qsi current ripple (torque component) reduction, has resulted in the torque ripple 

minimization of about 27%. 

 

 
Figure 14. MST-based PMSM drive: Experimental results at 4600 rpm 
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d-axis Current
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Figure 15. MST-based PMSM drive: Simulation results 

 

The 
e

dsi and 
e

qsi current characteristics have improved compared to the HTFC-based drive and a significant 

reduction of stator current harmonics of 44.48% is recorded. The switching frequency (average) of the 

MST-PMSM drive and HTFC-PMSM drive are 21.7 kHz and 25.7 kHz respectively. This reduction in the 

switching frequency (about 18%) is because of the proposed 
e

qsi current controller, which is a 4-level 

hysteresis control band in the MST scheme. 

 

5.3. DRM Scheme 

 

In the DRM drive, the control sampling time has been taken as 33µs. The DRM scheme-based PMSM drive 

has been simulated and validated experimentally at a drive speed of 4600 rpm and the results are presented 

in Figures 16 and 17, respectively. 
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The d-q axes current ripple is 0.13A and 0.15A respectively. The required duty ratio to achieve the 

minimum 
e

qsi current ripple is calculated in this scheme based on the 
e

qsi current response. Thus, a reduction 

in the 
e

qsi current ripple (compared to the HTFC scheme) of about 46% is achieved. The torque 

characteristics are influenced by the 
e

qsi current. With the reduction in the 
e

qsi ripple, a significant reduction 

in the electromagnetic torque ripple of 46.67% is observed. Similarly, minimized d-q axes current ripples 

have caused a significant decrease (64.35%) in the stator current harmonics. 

 

 
Figure 16. DRM-based PMSM drive: Simulation results 

 

The PMSM drive performance at various drive speeds due to conventional and proposed HTFC schemes is 

presented in Figure 18. Performance comparisons of the MST scheme and DRM scheme with respect to 

the HTFC scheme are given in Tables 5 and 6, respectively (from Figures 12-17). 
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Figure 17. DRM-based PMSM drive: Experimental results at 4600 rpm 

 

Table 5. Performance comparison of 1kW PMSM motor drive at 4600 rpm: HTFC and MST schemes 

Parameter 
HTFC 

scheme 

MST 

scheme 

Difference in % 

(with respect to 

HTFC scheme) 

Inference 

q-axis 

current       

ripple 

Simulation result The fast dynamic response of the q-axis current 

reduces its controllability within the two-level error 

hysteresis controller. 

But in the MST drive scheme, a 4-level hysteresis 

controller is suggested. The dynamics of the q-axis 

current error at the ±1 level is decreased, such that the 

inverter can be switched at an appropriate instant (±2 

level of the hysteresis band). 

0.23 A 0.16 A 30.43% ↓ 

Experimental result 

0.28 A 0.19 A 32.14% ↓ 

Electroma

gnetic 

Torque 

ripple 

Simulation result 

The reduction in the torque component (q-axis 

current) ripple has minimized the electromagnetic 

torque ripple as well. 

0.12 Nm 0.088 Nm 26.67% ↓ 

Experimental result 

0.15 Nm 0.11 Nm 26.67% ↓ 

d-axis 

current            

ripple 

Simulation result 

The application of the intermediary voltage vector 

from the mutated switching table has caused a 

reduction in the d-axis current ripple. 

0.19 A 0.15 A 21.05% ↓ 

Experimental result 

0.23 A 0.18 A 21.74% ↓ 

Stator 

current       

harmonics 

Simulation result 

A significant drop in the stator current harmonics is 

observed because of the improved d- and q- axes 

current characteristics. 

5.03% 3.25% 35.38% ↓ 

Experimental result 

6.34% 3.52% 44.48% ↓ 

d-axis Current

Ripple: 0.134 A 
0.167 A

q-axis Current

Ripple: 0.147 A
1.4 A

Current

THD: 2.26 %
1.3 A

Electromagnetic Torque 

Ripple: 0.079 Nm
0.67 Nm
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Figure 18. PMSM drive performance at 0.5 Nm torque at various speeds 
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Table 6. Performance comparison of 1kW PMSM motor drive at 4600 rpm: HTFC and DRM schemes 

Parameter 
HTFC 

scheme 

DRM 

scheme 

Difference in % 

(with        respect 

to HTFC scheme) 

Inference 

q-axis 

current 

ripple 

Simulation result 

In the DRM scheme, the required duty ratio to 

achieve the minimum q-axis current ripple is 

calculated from the q-axis current response. 

0.23 A 0.12 A 47.82% ↓ 

Experimental result 

0.28 A 0.15 A 46.43% ↓ 

Electromag

netic 

Torque 

ripple 

Simulation result 

With the reduction in the q-axis current ripple, a 

significant reduction in the electromagnetic 

torque ripple is also observed. 

0.12 Nm 0.06 Nm 50% ↓ 

Experimental result 

0.15 Nm 0.08 Nm 46.67% ↓ 

d-axis 

current 

ripple 

Simulation result 
In the DRM scheme, the control voltage vectors 

needed to control the dq-axes current errors are 

selected from the switching table. The switching 

of the control voltage vector at the predicted duty 

ratio has also resulted in the d-axis current ripple. 

0.19 A 0.11 A 42.1% ↓ 

Experimental result 

0.23 A 0.13 A 43.48% ↓ 

Stator 

current 

harmonics 

Simulation result 

The reduction in the d-q axes' current ripples has 

caused a significant reduction in the stator current 

harmonics. 

5.03% 1.80% 64.21% ↓ 

Experimental result 

6.34% 2.26% 64.35% ↓ 

 

5.4. Thermal Performance 

 

The stator current characteristics such as harmonics and RMS current, and the switching frequency 

influence the loss in the inverter module of the drive [60-65]. In this section, the temperature variation 

observed in the inverter drive due to HTFC, MST, and DRM schemes is discussed. The fundamental power 

loss (average) calculation equations for an IGBT and diode in an average switching period (1/fsw) are 

tabulated in Table 7 [1, 60]. It can be observed that the losses in the power inverter mainly occur due to the 

load current and the switching frequency. At 4600 rpm, the RMS current, harmonics, and switching 

frequency observed are depicted in Figure 19. 

 

Table 7. Inverter PCB thermal images – HTFC, MST, and DRM schemes 

Power Loss (W) IGBT Diode 

Conduction, Pcon Pcon = IL VCE(sat) Pcon.= IL VF 

Switching, Psw 
Turn-ON Psw (on).= fsw Eon - 

Turn-OFF Psw (off).= fsw Eoff Psw.= fsw Erec (during reverse recovery) 
IL = load current; VCE(sat) = On-state voltage of the IGBT; VF = On-state voltage of the diode; Eon and Eoff = Turn ON and Turn OFF 

switching energy of the IGBT; Erec = Turn OFF (reverse recovery) switching energy of the diode 

 

The thermal graphs of the inverter are recorded after the drive run time of 60 min using a thermal imaging 

camera – FLIR E75. The temperature contour of the inverter PCB due to HTFC, MST, and DRM schemes 

at rated drive conditions is presented in Table 8. From the results, it can be inferred that the minimization 

of the current ripples also causes temperature variation in the inverter drive. Since the DRM scheme has 

improved d-q axis current characteristics (minimum current ripple and harmonics), it records a maximum 

temperature of 48.3oC in the power inverter which is 1.7oC lower than the HTFC scheme. 
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(a) (b) 

Figure 19. (a) RMS current, (b) harmonics, and switching frequency of the HTFC, MST, and DRM based 

PMSM drives at 4600 rpm 

 

Table 8. Inverter PCB thermal images – HTFC, MST, and DRM schemes 

Scheme Front View Back View 
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6. RESULTS AND DISCUSSION 

 

In this paper, the HTFC scheme has been introduced for the PMSM drive. The performance of the HTFC-

based PMSM drive has been analysed in simulation and also validated experimentally. Based on the results 

obtained it has been observed that the DTC-like control structure of the conventional scheme (HTFC) 

causes ripples in the dq currents (0.23 A and 0.28 A respectively) and it also influences the torque and 

current harmonics. 

 

To overcome the above drawbacks, two schemes have been proposed. (1) MST scheme, (2) DRM scheme. 

It has been observed that these schemes reduced the ripples in the current components significantly 

compared to the HTFC scheme. The current ripple also impacts the losses occurring in the power inverter 

of the drive. During testing, it has been observed that the minimization of current ripples also reduces the 

temperature of the inverter for the proposed schemes. In the PMSM drive, variation in the PMSM 

parameters occurs due to the thermal impact and ageing. This causes errors in the control parameter 

estimation such as electromagnetic torque, flux, and duty ratio. The inverter non-linearity also causes errors 

in the drive control. To overcome these drawbacks, parameter error compensation techniques such as using 

Kalman Filter, least-square estimation, etc. can be applied. 
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