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Abstract: Development of low-cost inverters with satisfactory performance requires some performance improvement in 2 
topics: 1) enhancement of low speed driving torque with automatic torque boost function, and 2) automatic adjustment of 
acceleration/ deceleration times to avoid the over-current trip of the inverter. The aim of this paper is to propose a novel 
automatic adjustment method of acceleration/deceleration times (AAD) based on the automatic torque boost (ATB) scheme 
for the general-purpose V/F inverters. Firstly, the ATB scheme is realized by regulation of the induced EMF. By applying the 
singular perturbation theory, a reduced-order model of the induction motor is derived, using which a design strategy for the 
ATB scheme is developed to obtain the stability and performance goals. Secondly, the AAD adjustment scheme is built 
around the ATB inner loop by adding an outer current loop to adjust the acceleration/deceleration times. The effectiveness of 
the proposed methods is confirmed by simulation and experiment, which show that: the low speed driving torque is 
satisfactorily improved, the drive can accelerate and decelerate properly without tripping the inverter, and the speed response 
is comparable with that of the vector control method. 
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1. Introduction 
General-purpose V/F inverters occupy the majority of 

market shares of the industrial inverters.  Nevertheless, 
there are some performance limitations such as poor driving 
torque in low speed range, tripping of inverters during 
acceleration/deceleration etc. Automatic torque boost 
schemes are often used to improve the low speed driving 
torque. Abbondanti [1] regulated the air-gap flux by 
controlling the reactive power, whereas Kazmierkowski [4], 
Koga [5] and Williams [8] proposed the regulation schemes 
of the EMF induced from the rotor flux, air-gap flux and 
stator flux, respectively. With the exception of Williams’s 
approach [8], the parameters of machine are in general 
needed. Furthermore, the design guidelines for the PI 
controller used in the ATB are not provided, and this leads 
to the difficulty in practical implementation. 

Apart from the degradation of low speed driving torque, 
the tripping of inverters during acceleration/deceleration 
also annoys the users. An inappropriate setting of 
acceleration and deceleration times which does not match 
with the inertia of the mechanical system, will cause the 

over-current trip of the inverter or too slow response than 
necessary. To achieve the fastest speed response without 
tripping the inverter, the optimum acceleration/ deceleration 
times are required for setting up the inverters. For lack of 
the knowledge of the mechanical system, setting up the 
optimum times is usually done by trial and error. Although 
this problem can be alleviated by providing the inverters 
with the stall prevention during the 
acceleration/deceleration, the thermal damage is the 
drawback as reported in [3]. A pioneer work in [9] 
introduces a semi-automatic adjustment method of 
acceleration/deceleration times without detail design 
procedure. Shi et al., [7] developed the well-known direct 
self-control [2] and employed the rule-based principle to 
manipulate the acceleration time. Unfortunately, the 
computation is very complicated and does not suit to the 
simple structure of V/F inverters. 

To overcome the aforementioned problems, this paper 
newly investigates both the ATB and AAD schemes from 
the design point of view. The ATB scheme studied in this 
paper has the following features: 

1) The ATB is obtained through the regulation of the 
magnitude of the EMF induced from the stator flux 
(William’s approach [8]), taking into consideration 
that the stator resistance is the only available 
information in practice, together with the 
compatibility with the conventional V/F inverters.  

2) The design strategy of the PI controller, applied in 
the ATB scheme, is derived by using the singular 
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perturbation theory, to provide general guidelines for 
real implementation. 

A novel automatic adjustment method of 
acceleration/deceleration times based on the ATB scheme is 
then described. Main features of the proposed scheme are 
as follows: 

1) The scheme requires no mechanical parameters and 
conforms with the structure of V/F inverters and the 
ATB scheme,  

2) it adjusts the acceleration/deceleration times 
automatically to avoid tripping the inverters, and  

3) the resultant performance during acceleration/ 
deceleration is comparable with that of the vector 
control method. 

2. Automatic Torque Boost (ATB) via 
Induced-EMF Regulation 

2.1 Principle     The concept of the ATB scheme is 
basically derived from the familiar equivalent circuit of the 
induction motor in Fig. 1. The relationship between the 

stator current ( si ), the stator flux ( sλ ), the induced EMF 

( e ) the driving torque ( mT ), and the slip frequency ( sω ) 

are given in (1)-(4).  
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With the regulation of induced EMF e , the stator flux 

magnitude 
sλ  can be kept constant, and as a result, the 

torque-speed characteristic of the machine (3) is preserved 
for the entire speed range and the stator current si  is 

dependent only on the slip frequency sω  (Fig. 2).  

2.2 Typical ATB Structure    Fig. 3 shows the V/F 
inverter embedded with the ATB scheme [8], where the 
shaded area indicates the induced EMF regulation. The 
induced EMF e  is calculated from 

*
s s se v R i= − ………………………(5) 

and is fed back to the PI controller which provide the 
compensation voltage cqv  to automatically boost the 

driving torque. 
Although the typical ATB scheme in Fig. 3 is widely used 

in practice, there are some subjects which need to be 
studied. The first one is the design guidelines of the PI 
controller, and the second one is how to tolerably improve 
the transient performance. 
 

2.3 ATB Scheme with 2 Axes Voltage Compensation 
Since the ATB scheme in Fig. 3 is based on the scalar 
approach, it is hard to regulate satisfactorily the flux 
magnitude in some transient operations, i.e. during 
acceleration/deceleration. This is because the compensation 
voltage is fixed to the q-axis direction only. This constraint 
may force the ATB to require a huge compensation voltage 
to regulate the magnitude of the rotating flux vector and 
this situation can consequently cause some oscillation. To 
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Fig. 1 Equivalent circuit of induction motor. 
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Fig. 3 Typical ATB scheme for V/F inverters. 
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alleviate this problem, another degree of freedom is 
provided for the ATB scheme as shown in Fig. 4. The 
compensation voltage is now available in 2-axes (d-q) and 
its direction is determined by the stator current vector as 
shown in Fig. 5(b). 

3. Design Strategy for PI Controller of ATB 
To derive the design guidelines, the motor model is 

firstly approximated by a reduced-order model using the 
singular perturbation theory, and the design procedure is 
then introduced. 
 

3.1 Full-Order Model   With regard to the ATB 
scheme in the previous section, the full-order motor model 
(4th order) is given in (6)-(7) and Fig. 6, with the stator 

voltage sv  as the input and the induced EMF e  as the 

output: 
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Fig. 6 Full-order model of induction motor (4th order). 

   

 

 

 

 

 

 

 

 

 

 

Fig. 7 Separation of time scale between stator current and 
stator flux (simulation). 
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3.2 Reduced-Order Model   Due to the interaction 

between the stator current  si  and the stator flux sλ ,  the 

transfer function from the stator voltage sv  to the stator 

flux sλ  is, therefore, of 4th order and is too complicated to 

be used for the controller design. 
To simplify the modeling, the dynamic response of the 

induction motor to the perturbation of the stator voltage is 
considered. It is clearly observed from Fig. 7 that the 

dynamic response of the stator current (≈ 10 ms) is much 

faster than that of the stator flux (150 ms). This behavior 
can be derived from (6) considering that, in comparison to 
the stator flux, the time constant of the stator current is 

much smaller ( 1ς ). With regard to this separation of 

time scale between the fast state (stator current) and the 
slow state (stator flux), the order of the motor model in (6) 
can be reduced by considering only the dynamic response 
of the slow state assuming that the fast state has converged 
to a stable quasi-steady-state.  

The singular perturbation theory [6] is applied to (6) and 
(7) to obtain the reduced-order model. The dynamic of the 
stator current in Fig. 6 is considered firstly. It can be 
calculated that  
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Fig. 8 Stator current at quasi-steady-state.  

 

 

 

 

 

 

 

 

    (a) 1 axis (typical ATB)     (b) 2 axes (proposed) 

Fig. 5 Vector diagram of the compensation voltage. 
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Fig. 9 Reduced-order model (2th order). 
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Since 1ς , the dynamic of the stator current loop can be 

treated as a high-gain feedback subsystem. Therefore, the 
transfer function in (9) can be approximated as: 
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Equation (10) represents the quasi-steady-state response of 
the stator current. Using (10) and the full-order model in 
Fig. 6, the reduced-order model (2nd order) can be depicted 
as the block diagram shown in Fig. 9. The transfer function 

from the stator voltage sv to the induced EMF e , ( )E s  

is given by (12): 
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3.3 Closed-loop system of ATB With the derived 

reduced-order model, the closed-loop system of the ATB 
scheme can be drawn in Fig. 10. By linearization the 

transfer function ( )m s  in Fig. 10 is given by  
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Fig. 10 ATB closed-loop system. 
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3.3.1 Approximation of ( )om s    Since the stator 

voltage ( sv ) mainly aligns in the q-axis direction, the 

induced EMF in the q-axis, qe , is normally much larger 

than that on the d-axis ( q de e ). Therefore, we can 

approximate ( )om s  as: 

( )21 22ˆ ( ) 2 ( ) ( )o qo sqo sdom s e E s i E s i≈ ⋅ ⋅ + ⋅ ……(15) 

Fig. 11 shows the bode plot of ˆ ( )om s , from which it can 

be seen that at the high frequency range the system gains 
are flat and the phase shift is zero. This reflects the fact that 
the transfer function is not strictly proper. This property can 
make the system sensitive to high-frequency noises in real 
implementation. Therefore, the low-pass filter  
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k
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=

+
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is inserted to attenuate the high-frequency noises. Fig. 12 
shows the linearized closed-loop ATB system, with the 

model ˆ ( )om s  and the inserted low-pass filter ( )K s .  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 11 Bode plot of ˆ ( )om s .  
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Fig. 12 Linearzed closed-loop ATB system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Bode plot of ˆ ( ) ( )om s K s⋅  
(at mω : 75, 150, 250, 750 and 1500 rpm) 

 
3.3.2 Model Shaping by Low-Pass Filter The low-pass 

filter ( )K s  in (16) can be viewed as the compensator that 

shapes the transfer function of the model. Here fk  is 

selected to normalize the system gains at high-frequency 
range, 
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Fig. 13 shows the bode plot of the model ˆ ( )om s  shaped 

by the low-pass filter with swτ = 4 ms and fk  derived 

from (17). From the asymptotes of the bode plot in Fig. 13, 

the plant ( )P s  to be controlled by the PI controller, can 

be roughly approximated by a first-order lag transfer 

function in (18) with the corner frequency 1 swτ . 
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3.4 Design Criterion for PI Controller There are 2 key 

points in the design of the PI controller; the performance 
(bandwidth) and the stability. The bandwidth of the ATB 
system is specified to be about 10-30 rad/s (40-100 ms), for 
the reason that this gives the sufficient performance for the 
V/F inverters used in practice. The other reason is that the 
flux response should be kept slower than the response of 
the current, to satisfy the assumption of the separation of 
time scale between the flux and the current. For the stability, 

the cut-off frequency of the PI controller ( i pk k ) is 

assigned to be 10 rad/s to assure sufficient phase margin (> 
50o). 

Using the simplified plant in (18) and the design 
conditions of the PI controller, the following relations can 
be derived: 

- at the specified cross over-frequency cω = 10 rad/s: 
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- at the assigned cut-off PI frequency: 
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The proportional and integral gains are thus calculated to 
be: 

0.71pk = ; 7.1ik = ……………..(21) 

With the designed PI gains, the frequency response of the 
open-loop ATB system is depicted in Fig. 14. Table 1 gives 
the calculation of the bandwidth and the phase margin at 
each operating speed. The numerical results indicate that 
the designed PI controller satisfies the specified stability 
and performance goals. 

mω  

(rpm) 
cω  

(rad/s) 
Phase Margin 

(degree) 

75 15 107 

150 29 91 

250 45 86 

1500 rpm 

75 rpm 

75 rpm 

1500 rpm 

250 rpm 

75 rpm 

75 rpm 

250 rpm 

Fig. 14 Frequency response of the open-loop ATB system, 

0.71pk = ; 7.1ik =  (at mω : 75, 150 and 250 rpm)

Table 1. Calculated bandwidth and phase margin of the 

ATB system with 0.71pk = ; 7.1ik =  
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Fig. 15 Proposed ATB system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17 Experimental result illustrating the performance of 

the ATB system at acceleration and deceleration. 
 

4.  Evaluation of the ATB System with the 
Proposed Design Guidelines 

 
The developed ATB system is drawn in Fig. 15. The 

structure of the proposed ATB scheme is compatible to the 
typical ATB system and also the conventional V/F inverters. 
The experimental result in Fig. 16 gives the step-load 
response of the designed system. Owing to the effectiveness 
of the design guidelines, the induced EMF can be regulated 
nicely and the system can automatically boost the motor 
torque to successfully handle the rated load. The operation 
of acceleration and deceleration is shown in Fig. 17. By 

suitably varying the gain fk  according to (17); the system 

can perform well for the entire speed range. Torque-speed 
characteristics for various operating speeds in Fig. 18 
confirm the effectiveness of the designed ATB scheme. 
 

5. Automatic Acceleration/Deceleration Scheme 
(AAD) Based ATB 

In this section, a novel AAD scheme based ATB is 
proposed. Firstly, the concept and the structure of the AAD 
scheme are described. Next, the design guideline for the 
PI-D controller used in the AAD is given. Finally, the 
implementation of the AAD scheme is evaluated by 
experiment. 
 
 
 

 

5.1 Concept and Structure   Fig. 19 shows the V/F 
inverter embedded with AAD scheme. The proposed AAD 
scheme is composed of: 1) the ATB in the inner loop, and 
2) an outer current control loop to adjust the 
acceleration/deceleration times. It can be seen that the 
configuration of the controller conforms well to the 
conventional V/F controller. The optimum speed response 
during acceleration/deceleration can be achieved without 
tripping the inverters by the outer current control loop with 
the current command fixed at its rated.  

The idea behind the proposed AAD scheme is analogy 
to the vector control approach. In this case, the inner ATB 
loop contributes the regulation of the flux magnitude, while 
the outer current control loop indirectly keeps the slip 
frequency at the rating (see Fig. 2). Consequently, the rated 
torque can be generated.  

Fig. 19 Automatic acceleration and deceleration scheme 
based ATB.        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18 Experimental results showing torque-speed of the 
ATB system. 
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Fig. 20 Detailed block diagram of AAD system. 
 

 
Fig. 21 Timing diagram of AAD scheme. 

 
5.2 Design Method for PI-D Current Controller 
Fig. 20 shows the block diagram of the AAD system in 

more detail. The PI-D controller output signal 
ak  plays the 

role in adjusting the acceleration/deceleration rates set 

initially by the user ( *
0a ) to a new optimum rate (

oa�� ). It 

should be noted that this current control loop is activated 

only during the acceleration or deceleration. When 
_m run�Z  

reaches 
_m set�Z , the PI-D controller will be reset and halted 

until the next ramp response (
_ _m set m run�Z �Z�z ) (see Fig. 21). 

The linearization of the AAD system is depicted in Fig. 22. 
The plant viewed from the PI-D controller is just a simple 
integrator. To design the parameters of the PI-D controller, 
the bandwidth of the current control loop is specified to be 
100 rad/s corresponding to the response time (10 ms) of the 
stator current. Using the same framework of the design 
procedures described in the ATB system, it can be derived 
that: 

- at the specified cross over-frequencyc�Z = 100 rad/s: 
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Fig. 22 Linearized AAD system. 

 
Fig. 23 Frequency response of the open-loop AAD system   

with 0.75dk � ; 7.5pk �  and 75ik � . ( *a =1550 

rad/s2, sqi = 5A, patk =1.2 V/rad/s. 

It should be mentioned that, for simplicity, the effect of the 
low-pass filter inside the differentiator gain shall be 
neglected beforehand.  
- at the assigned cut-off frequency of PI: 

10i

p

k
k

� ……………………..…(23) 

and the PI-D is selected as: 

   0.75dk � ; 7.5pk �  and 75ik � ………(24) 

Fig. 23 shows the bode plot of the open-loop AAD system 
(Fig. 22) with the parameters (24). 
 

5.3 Evaluation of Real Implementation of AAD 
Fig. 24 shows the effectiveness of the proposed AAD 

scheme. The proposed AAD scheme can accelerate 
smoothly without tripping inverter, while the amplitude of 
motor current is regulated at the rated value during the 
ramp response. Fig. 25 (a) and 26 demonstrate the operation 
of the AAD scheme under low and high inertias 
respectively. It is confirmed that even without the 
knowledge of the mechanical system, the AAD scheme can 
properly adjust the rate of acceleration/deceleration. The 
system can perform well also under different setting of 
acceleration/deceleration time as shown in Fig. 25. Lastly, 
it can be observed in Figs. 25(b) and 27 that the 
performance of the AAD method is comparable with that of 
the vector control method. 
 
 
 
 
 
 
 
 
 
 
 
 
   (a) Without AAD          (b) With AAD 

Fig. 24 Performance comparison during acceleration. 
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Fig. 26 Ramp response of AAD scheme for a low inertia  

mJ (= 0.012 Kg.m2) with an acceleration/ 

deceleration time = 5.2 s.                                

6. Conclusions 

This paper focuses on the enhancement of the 
performance of general-purpose V/F inverters. Firstly, the 
automatic torque-boost scheme is developed. The design 
guideline for the ATB system is given to fulfill the practical 
requirement. By using the singular perturbation theory, the 
reduced-order model of induction motor is derived, and the 
design strategy is then developed. The proposed ATB 
scheme can completely regulate the induce EMF and 
automatically boost the driving torque to handle the full 
load even in the low speed range. Secondly, the novel AAD 
scheme is proposed. The structure of the AAD is 
compatible with that of the conventional V/F inverters, 
while its performance is comparable with that of the vector 
control method. The AAD can automatically adjust the 
acceleration/deceleration times without tripping the 
inverters even if mechanical parameters are unknown.  
 
Appendix Motor Rating and Parameters 
3 HP, 380 V/ 5A, 50 Hz, 1430 rpm, 4 poles. 

sR =2.44 [Ohm], rR =1.88 [Ohm], sL =282 [mH], sLσ =26 [mH]. 
Nomenclature sR , rR : stator, rotor resistance, P : pole pairs, 

sL , rL , M : stator, rotor, mutual inductance, e : induce EMF, 

sv , si : stator voltage and current, sλ : stator flux,  

1ω : stator flux frequency, sω : slip frequency, mω : rotor speed, 

ρ : angle of stator voltage vector, d q− : denoting quantities on rotating 

stator voltage reference frame. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 27  Ramp response of vector control method, 

    mJ (= 0.11 Kg.m2) with an acceleration/deceleration  

time = 0.2 s.  
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     (a) Acceleration /deceleration time = 5.2 s,                   (b) Acceleration./deceleration. time = 0.2 s, 
Fig. 25 Ramp response of AAD scheme for different setting of acceleration/deceleration rates for a high inertia mJ (= 0.11 Kg.m2). 
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