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Abstract. Designing  PI, PD, and PID controllers is challenging, but it is an inevitable step if 

engineers want their systems to perform well. Consequently, control theory was purposed and 

the system became more complicated. Unfortunately, saturation is hard to prevent. The degree 

of saturation is an important aspect of the electrical signal process. This paper investigates the 

concepts of saturation for PD,PI, and PID control. It involves the discussion of properties of 

passive components,  excessive input/output concerning the design maximum or minimum, and 

the saturation function. The main purpose of the paper is to give an insight into how to prevent 

control saturation. The investigation will be mainly based on current control theory, research 

processes from other papers, and the online simulations. To avoid saturation, applying analysis 

on the gain of all controllers and saturation function is crucial. 
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1.  Introduction 

PD, PI, and PID controls are fundamental and widely used in mechatronics and automated fields. As 

all textbooks say the proportional control is to process the input signal multiple times till it reaches 0 

error. With higher gain, and the lower the error is. However, there are cases in which error is small but 

can’t be eliminated, the integral control is introduced. It is a “memory” component that accumulates 

the error from proportional control and return the feedback to the input. It can make the system stable 

with 0 error, but the initial overshoot appears. The derivative control controls the rate of change in 

error and gives a negative output to reduce the rate of change in order to mitigate the overshoot. These 

are the fundamental properties of the control under ideal conditions. That is also the premise of the 

transfer function and the impedance of each component is calculated. However, when assembled in 

reality, there are differences. One reason is that the passive components contain other properties. For 

example, the resistor may also have inductance and capacitance, but they are minimal compared to 

resistance. The impedance is also calculated based on that. In real life, these values. The other reason 

is that in theory, the input and output signal can be infinitely large, but the control mechanism is not. 

When saturated, the control can not process a larger signal than the designed maximum value, causing 

undesirable performances. Hence, it is important to prevent saturation when designing controllers. [1] 

2.  Saturation 

Saturation is a term commonly used in multiple areas. For example, the current is saturated in a close-

loop circuit with 0 resistance. In the field of nonlinear electrical controllers, the output of the controller 
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can be infinitely large in theory, but the actuator will stop processing a higher signal compared to its 

saturation value. [2] 

2.1.  Saturation function 

The saturation function is defined as that in its domain of definition, when the value chosen is out of 

the domain, the value of the function remains unchanged.[3] To be specific, the purpose of the 

saturation function is to restrict the range of viable values for simulating a physical system. In the case 

of controllers, it restricts the output signal in order to prevent saturation. The saturation function is 

generally expressed in hyperbolic tangent and sigmoid functions. The general expression of the 

saturation function sat(x) is defined as: 

 sat(x) {

c      if f > c (1)

f        if |f| ≤ c (2)
−c     if f < c (3)

  

Where f is a linear function and c is a positive constant. 

 

Figure 1. Graph of sigmoid function. 

 

Figure 2. Graph of hyperbolic tangent function. 

The graphs above have asymptotes at certain values, which constrain the value of input in a certain 

range and avoiding overloading the components.[4] 

2.2.  Implementing the saturation function 

In the classical control laws[3], the PD, PI, and PID control are expressed as the following: 

 τPD = KPe(t) + KD
de(t)

dt
 (4) 

 τPI = KPe(t) + KI ∫ e(s)ds
t

0
 (5) 

 τPID = KPe(t) + KI ∫ e(s)ds
t

0
+KD

de(t)

dt
 (6) 
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Where KP, KD, and KI are the gain of each controller respectively.  

This form of equations is best at designing linear controllers, but there are also other types of 

controllers such as nonlinear ones. In the case of nonlinear controllers, the tracking speed is 

significantly faster than the linear controllers, but the load on the electrical components are high, 

which can cause saturation. Therefore, the process of clamping is utilized to control the degree of 

saturation. To implement clamping, the control laws are expressed as the following: 

 τPD = sat[KPe(t)] + sat[KD
de(t)

dt
] (7) 

 τPI = sat[K
P
e(t)] + sat[K

I ∫ e(s)ds]
t

0
 (8) 

 τPiD = sat[KPe(t)] + sat[KI ∫ e(s)ds
t

0
]+sat[K

D

de(t)

dt
] (9) 

In this form, the saturation function is processed first to limit the received input from the source, 

and then, the signal is sent to the controllers. The saturation function is implemented before each 

controllers, providing a comprehensive prevention for saturation in each controller. 

2.3.  Root locus method and stability 

The root locus method is an approach to analyze the stability of the controller expressed in the form of 

the transfer function. The transfer function is an expression that relates the linear input and output in a 

Laplace transformed ratio in a time invariant system, generally in a first order differential equation 

with the initial condition set to be 0. 

The Lyapunov method is a more advanced version of the root locus method. It applies in both 

nonlinear and linear controllers, whereas the root locus method applies only in linear systems.[6] 

The step response plot is a straightforward Heaviside step function of how the controller’s behavior 

based on the transfer function. It showed the time evolution in the output of the controller. [4]By 

checking the step response plot,  tuning the controller until it has desirable performance and proper 

values for each electrical components is easier. It also provides valuable information to tune the 

system to prevent saturation. 

The pzmap( pole-zero map) is a function in Matlab and Octave to indicate the poles and zeros 

respectively. In a continuous linear system, checking the zeros and poles is a direct way of detecting 

where the stable and unstable locus of the system are. A stable locus can minimize unstable 

fluctuations in order to prevent overload.[7] 

3.  Case analysis 

Consider a fast-tracking Linear PD control of a DC motor, the input signal is a square wave of 50 mHz 

and a voltage of 10 mV. In order to track the reference signal with zero error in a short amount of time. 

The gain of the controller needs to be considerably high, and the gain of the proportional control in 

this design is chosen to be less than or equal to 10, in this example, the initial gain is 10. The transfer 

function of the system is G(s)=0.65s+10, the simulation is conducted on Octave.online. Figure 3 is the 

step response and Figure 4 is the root locus of the proposed PD controller. 
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Figure 3. plot of step response for the designed controller. 

 

Figure 4. Root locus plot of the controllers. 

The simulation showed a stable step response with a slight overshoot. The tracking of the reference 

signal is completed in less than 0.5 seconds, which is a good performance. The root locus and pzmap 

graph showed the stable points and poles of the transfer function. Based on the analysis, the controllers 

are built on Falstad.com. 

 

Figure 5. Figure of the built controllers. 
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In the built system, the step response is different than the simulation and is unstable. In this case, it 

is suspected that the system is saturated. The tuning process is conducted to change the transfer 

function and the value for electrical components. The image below is the system after tuning. 

 

Figure 6. Figure of the tuned circuit. 

The tuned system showed a fast and stable reference signal tracking with minimum overshoot. It 

can be concluded that the system is unsaturated and has good performance. Future improvements will 

be made to the value of the inductor. In the simulation, the inductance is 6.4H, which in reality is a 

large inductor. The controllers and the DC motor in the design are supposed to be small in size and the 

value for each components is small. Another improvement is to check if it can also capable of tracking 

other types of input signals with the same precision and characteristics as the square wave. In the 

future, the saw-tooth and triangular input will be tested on this system. 

4.  Discussion 

The above analyses are all conducted in the ideal models and environments. In real life, there are 

multiple factors that can cause the discrepancies between simulations and experiments. One of them 

may be due to temperature changes. For example, in physics, TCR (temperature coefficient of 

resistance) describe a term describing the change in resistance with respect to temperature changes 

with a unit of ppm/K, parts per million per Kelvin. It sets an important parameter of that describes the 

performance of the resistor in detail. Other electrical components also have similar parameter. The 

definition of electrical load[8] is that as the system work, the system takes electrical input energy and 

transfers it to heat. It can be resistive, capacitive, inductive, and a combination of all. When the 

electrical load on certain components is high, it can cause an increase in temperature, which reduces 

the performance of components. The stability of the system can be deteriorated, causing saturation. It’s 

best to put a thermal detector on the system to control the temperature so that the system is working in 

perfect thermal condition. 

The other one may due to the disregarded properties of electrical components[9]. In the calculation 

of impedance, the ideal model of components are applied in the calculation with ideal resistor 

dissipating electrical power to heat and ideal inductor turning electrical power to magnetic field. 

Resistor not only has resistance in practice, but also has inductance and capacitance, which are small 

comparing to resistance and often disregarded.  However, depending on the application of electrical 

components, these properties can have significant impact on the system, especially in high frequency 

AC applications. The term parasitic inductance is accounted based on the discrepancies between ideal 

simulation and real practice. To prevent this from distorting the experiments and design, it’s best to 

check the detailed information sheets provided by the manufacturer of the electrical components[10].  

5.  Conclusion 

The paper has investigated the saturation control in details with an example of a PD circuit. The 

saturation function is the most effective way to clamp the controller to avoid saturation which 
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preventing the system from operating under normal conditions. By checking the value of non-

clamping and clamping, it is clear to see how saturated the system is:  if the values are the same, the 

system is unsaturated; if the two values are different, the system is saturated. The classical way of 

using root locus method and pz map is to find the stability of the controller, which contributes greatly 

in optimizing the performance of the system. Saturation can disturb the performance of the system, 

and even deteriorate the stability, making the system malfunction. The above methods are important in 

controller design and tuning. When designing the controllers, it is also crucial to consider the physical 

properties of electrical components since the environmental differences can have great impact on the 

performance of the entire system. Checking the detailed information provided by manufacturers and 

controlling the working conditions can mitigate the effects. 
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