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Abstract: A novel antiwindup (AW) strategy for a proportional-integral (PI) regulator based on the back-calculation

method is presented. The proposed method will calculate the gain of the back-calculation based on the input and output

status of the PI regulator without the requirement of motor parameters, such as the inertial and torque-current coefficient,

and the back-calculation gain will vary with the speed command in order to obtain the optimal dynamic performance.

The proposed method avoids the problem caused by the fixed back-calculation gain in the classical AW strategy, and

prevents the system from untimely saturation withdrawing or an unexpected overshoot due to the inappropriate back-

calculation gain, respectively. The proposed AW strategy is compared with the classical AW design by simulation and

experiment on an application platform of a permanent magnet synchronous motor servo system. A PI controller with

the proposed AW design will decrease the overshoot with a small settling time of the system’s step-response, which can

be observed obviously in wide dynamic variation. It reduces the difficulty of the parameter tuning for the PI controller.
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1. Introduction

The proportional-integral (PI) control scheme has been widely used in servo motor drive systems. There are

several restrictions in the cascade control form; the current command as the inner loop reference must be limited

by the maximum load current and the overheating of the servo motor. Therefore, saturation nonlinearity exists

in the speed control loop and it leads to an output of the PI controller that is not equal to the input of the plant;

hence, the closed-loop performance will significantly deteriorate in terms of the expected linear performance.

This phenomenon of deteriorated performance is referred to as the windup phenomenon [1], which causes a

large overshoot, slow setting time, and sometimes even instability in the speed response.

Many scholars have done a lot of research on windup and have proposed many schemes for antiwindup

(AW) [2–9]. Generally, the AW technique can be classified into 2 categories. One is conditional integration.

The control system has a switch that will stop or restrict the integration when the control input is saturated.

This method is simple to implement, but its disadvantage is that it is hard to determine the switch moment and

its lack of robustness. If the switching moment is chosen improperly, not only can it not improve the integral

saturation, but it can even cause system divergence [10–12]. The other AW category is based on the idea of

back-calculation, making the difference between the output of the controller and the limited input of the plant

as the negative feedback signal to act on the integrator input. The transient performance, such as the overshoot,

depends heavily on the feedback gain rather than the PI gains. The advantage of the back-calculation category

is that the design of the compensator is easier and the compensation structure has a higher robustness [1,2]. The
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disadvantage is that it is difficult to synthesize the design of the system. Hence, back-calculation compensation

has been widely adopted [13–16]. Both conditional integration and tracking back-calculation were combined

in [17–21]. The goal of AW is actually to get the results as close to an unconstrained closed-loop system as

possible.

The conventional design of back-calculation is based on the PI controller and the system parameters,

including the system’s inertia, load torque, etc. (the ideal parameter of the feedback design can be achieved if

the system inertia and load torque are attained). However, practical experiments show that even if the system

parameters are constant, the fixed ideal feedback coefficient does not always improve the system’s performance

when different speed step responses are used. Thus, this leads to complicated controller parameter tuning.

The authors in [22] compared 4 types of experimental results based on the back-calculation AW, and they

concluded that the static and low-order compensation are superior to both the IMC and full order compensation,

but other contrasts are not obvious. The authors do not distinguish the differences between linear and nonlinear

of severe saturation. Shin [18] deemed that the transient performances of the error, such as the overshoot and

settling time, are mainly affected by the steady-state value of the integral, and the steady-state value of the

integral is controlled by both the load and speed references. If the speed controller is saturated, the controller

will calculate the steady-state value of the integral, and while the controller comes into linear range again, the

calculated value is set as the initial value of the integral. This method will decrease the influence of the load and

speed reference variations to the system’s transient performance efficiently, and will enhance the adaptability

of the AW. However, the range of the integral steady-state value should be set offline, and the measurement

error will obviously influence the calculated integral value. On the other hand, the prediction value of the

integral steady-state is determined by the motor parameters of the inertia, friction coefficient, and torque-

current coefficient, but these parameters will vary with the application environment, particularly the system’s

inertia, which means that the motor parameters should be updated in a different application environment.

This paper presents a new piecewise back-calculate AW based on the traditional back-calculation and

tracking (BCAT) AW design, which can automatically configure the feedback gain according to the system

states. There is no need for extra calculations and hardware. This new AW design was proven to have more

adaptability by its simulation and experiment on a permanent magnet synchronous motor (PMSM) servo system.

2. Traditional AW design

2.1. Principle of the BCAT AW

Every slow time varying link may lead to windup [10]. Windup is usually caused by the integrator of the PI

controller. It usually needs to constrain the integral behavior in order to eliminate the windup problem of the

controllers.

The traditional structure of BCAT AW design is shown in Figure 1, letting (un − us) be the negative

feedback input of the integrator. The output of the PI controller is described by Eq. (1).

The choice of τc is important for the result of the AW. It ranges from τi to 8τi , according to the

experiences.

un =
Kpτc(τis+ 1)

τi(τcs+ 1)
e+

1

τcs+ 1
us (1)

Assuming that us ∈ [−0.1, 0.1] and Kp = 1 for the system shown in Figure 1, the simulation based on the

PMSM servo system with the BCAT AW design is done. With the step speed command of r : 0 → 1, the
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simulation results of the system with different are shown in Figure 2, where (a) is the speed responses and (b)

is q -axis current with different τc .

Figure 1. Classical BCAT AW structure.
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Figure 2. Simulation of the classical BCAT AW, where (a) is the speed responses and (b) is the q -axis current with

different τc .

The simulation results have shown that the system can show an acceptable performance if the gain of

the feedback branch is calculated appropriately.

2.2. Application of the BCAT AW

As mentioned earlier, the negative feedback portion is added into the PI controllers with a limitation in order

to eliminate the windup phenomenon, which is caused by the integral behavior in dynamic processes. The PI

controller of the PMSM servo system usually has large proportional gain and integral coefficients, in order to

get a high stiffness of the system and ensure that the motor has a quick response. The output of the controller

may saturate immediately when a large step change is given, and the negative feedback portion will work before

there is integral saturation in the controller.

For the system in Figure 1, the trend of the error integration ui of the saturated system depends on

Kc(Kc = 1/τc). The system response will have a large overshoot if ui continues increasing, shown as the

dash-dot-line (τc = 2τi) in Figure 2a. To avoid the overshoot being too large, there is a method that will

increase Kc as well as let τc < τi , and the response is shown as the dotted line in Figure 2b.

The traditional BCAT AW design has an obvious disadvantage, where Kc is uncertain and it needs to

be preset. There is no guarantee that the system will have a good speed response in all of the operational

situations, even though Kc is configured appropriately for a certain step speed change.

Figure 3 shows the simulation results of the PMSM servo system, where (a), (b), and (c) are against the

speed commands of 0.2, 0.6, and 1 PU, respectively, and it gives different step commands with constant inertia

and control parameters (Kp , Ki , Kc), whose AW compensator adopts the form of the BCAT in PI controller.

1320



YANG et al./Turk J Elec Eng & Comp Sci

0 20 40 60 80 100 120 140 160

0

0.1

0.2

t/ms

sp
ee

d

command

 response

(a) 

0 20 40 60 80 100 120 140 160

-0

0.2

0.4

0.6

t/ms

sp
ee

d

command

response

(b) 

0 20 40 60 80 100 120 140 160

0

0.5

1

sp
ee

d

t/ms

command

response

(c) 

Figure 3. Simulated waveforms of the BCAT AW, where (a), (b), and (c) are the speed command and relative response

against the 0.2, 0.6, and 1 PU speed references, respectively.

There is a great difference among the system’s responses with different speed step commands (r = 0.2,

0.6, or 1), which can be seen in Figure 3. The overshoot is quite high when the step command is small, so that

the AW compensation is not available, as shown in Figure 3a. The system can show an ideal response due to

the balance between the integration and the AW compensation, when the step command is moderate as shown

in Figure 3b. As the negative feedback is more effective and has a longer duration when a larger step command

is given, the system may be brought out of saturation ahead of time, as shown in Figure 3c, and the transient

process may be longer. Figure 4 shows the experimental BCAT AW performance on the speed references of the

PMSM servo system, where the experimental conditions are the same as the simulation test in Figure 3.
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Figure 4. Experimental waveforms of the BCAT AW, where (a), (b), and (c) are the speed command and relative

response against the 0.2, 0.6, and 1 PU speed references, respectively.

For the system with the BCAT AW, the simulation and experimental results demonstrate that the speed

responses of the motor will vary a lot when different speed commands are preset, even though the inertia and the
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control parameters are the same. The depth and duration of the controllers’ saturation may change a lot in the

dynamic operation, when the commands are different. It leads to the discrepant effect of the AW compensation,

as the different performances of the speed responses shown in Figures 3 and 4.

3. Piecewise back-calculate AW

In this paper, we present a better AW approach based on the traditional BCAT AW design, which is called

piecewise back-calculate AW. It can be seen from the above analysis that the constant Kc is not suitable for all

conditions. The AW compensator proposed in this paper can configure Kc as well as the gain of the feedback

portion automatically on the basis of the system’s state. This AW design can ensure the rapidity of the system’s

response, without a large overshoot or the untimely exiting of the saturation state.

For the system in Figure 1, supposing that us ∈ [–0.1,0.1] and Kp = 1, the controller will saturate

immediately, as well as un > us > 0, when a step command r : 0 → 1 is given. Letting eu = un – us , the

output of the integrator (ui) will remain invariable if Kc is in the type in Eq. (2).

Kc =
eKp

un − us
Ki (2)

If ui(0) = 0, from Eq. (2) it can be seen that ui(t) = 0. In this case, we have:

un = up = eKp, (3)

and we can then deduce:

Kc = Θ̄Ki, (4)

where

Θ̄ =
un

un − us
= 1 +

0.1

un − 0.1
. (5)

Function Θ̄ is described as the dotted line in Figure 5, where un > 0.1. The system is in linear control when

un ≤ 0.1.

If Kc/Ki is calculated according to Θ̄, the integrator may stop when the controller is saturated. This is

equivalent to the integral constraint AW.
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Figure 5. Gain function of the feedback branch.
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Excessive inhibition of the integration will deteriorate the performance of the speed response, especially

when the load is high, as shown in Figure 6, where (a) is the overall speed response and (b) is the final stage

of the speed transient. The integration must be held up to a proper level so that the controller will get out of

saturation at the right time and the motor will get peak acceleration in the dynamic process.
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Figure 6. System response with the integral limited, where (a) is the overall speed response and (b) is the final stage

of the speed transient.

Now, set a as the threshold value, indicating the level of saturation in the controller. The controller will

calculate Kc as in Eq. (2) to suppress the integration, because it is highly saturated when eu = un − us ≥ a .

Letting Kc = Ki , when 0 < eu = un − us < a , and the AW process is the same as the BCAT at this time.

The tuning principle of Kc is shown in Eq. (6):

Kc = ΘKi, (6)

where

Θ =

{
1 us < un < us + a

eKp

un−us
un ≥ us + a

. (7)

The error e and the output of the controller un are the variables of Θ, as shown in Eq. (7). The structure of

the piecewise back-calculate AW design is shown in Figure 7.

Defining a as the threshold constant, will ensure that the overshoot of the system’s response without

any load is about 5%. The overshoot can be absorbed when the system has load, so that a good response

can be obtained [11]. Kc can be tuned automatically online on the basis of the system’s state without any

management.

Figure 7. Piecewise back-calculate AW structure.
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4. Simulation and experiment

The specifications of the PMSM servo system used in both the simulation and experiment are listed in Table,

and the experimental platform is based on the TMS320F2812 digital signal processor (DSP). For the sake of the

loading test, another 750 W servo pack by Yaskawa is involved in the coupling with the prototype motor, and

the current control frequency is 10k Hz in both the simulation and experimental conditions. The data from the

experiment waveforms are collected by the DSP and the waveforms are plotted using MATLAB in this paper.

The photograph of the experimental platform is shown as Figure 8.

Table. Specification of the PMSM Servo motor.

Parameter Value
Rated power (kW) 0.75
Rated torque (N·m) 2.4
Rated speed (r/min) 3000
Rotor inertia (N·m2) 8.53e−5

Stator resistance (Ω) 0.45
Stator inductance (mH) 3.9
Maximum current (A) 18.6

The simulation waveform of the control systems with the above 2 different AW designs is shown in Figure

9, where the performance of the 2 systems with no load are compared in response to speed references: Figure

9a, r : 0 → 0.2 and Figure 9b, r : 0 → 1.

The 2 AW methods are equivalent because the output of the controller is less than the threshold value

a in the dynamic process when the step change is small. This leads to the same responses as shown in Figure

9a. Controllers with the proposed piecewise back-calculate AW design can resolve the problem of the overshoot

in the speed response effectively when a large step speed reference is given, and can avoid untimely saturation

withdrawing, such as that in the BCAT AW design caused by the improper feedback gain, which can be seen

from the simulation results in Figure 9b.

Figure 10 shows the simulated comparison of the responses for the load and no load conditions for the

control system with piecewise back-calculate AW. The slight overshoot decreases obviously if the control system

has a rated load and there is no performance degradation due to the withdrawing saturation being earlier than

expected.

Figure 8. Photograph of the experimental platform.
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Figure 9. Simulated performance of the different AW systems, where (a) is with a 0.2 PU speed command and (b) is

with a 1 PU speed command.

The experiment is carried out in the same way as what has been done in the simulation, and the

experimental results coincide with simulation results as shown in Figures 11 and 12.
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Figure 10. Simulation of the piecewise back-calculate

AW structure under different load conditions.

Figure 11. Experimental performance of the different

AW systems.
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Figure 12. Experiment of the piecewise back-calculate AW structure under different load conditions.

5. Conclusions

This paper presents the piecewise back-calculate AW strategy based on the traditional back-calculation AW

method. The proposed method for the PMSM servo system can ensure the rapidity of the motor’s speed

response, and avoid a large overshoot or untimely saturation withdrawing. The proposed method does not need

the motor parameters of the inertia, friction coefficient, and torque-current coefficient, because it allows the

application of the proposed method without the consideration of the motor parameters. Based on the simulation

and experimental results, the proposed method resolves the problem where the parameter of the PI controller

in the traditional AW strategy is difficult to configure, and the controllers with the proposed AW strategy will

increase the dynamic performance of the control system.
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