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Abstract: The engine speed can be controlled by controlling the air-fuel intake available for 
combustion in the cylinder. The air-fuel intake is determined by the throttle opening. This paper 
presents the design of a PID controller for a constant speed engine. The PID controller regulates engine 
speed by manipulating the throttle opening and thus determining the air-fuel intake for combustion. It 
comprises of a proportional (P), integral (I) and derivative (D) controller. The Ziegler Nichols method 
was used to determine and tune the PID controller parameters. This method consists of two methods, of 
which the ultimate cycle method was used. Simulation was done on the engine timing model with 
closed loop available in Simulink-MATLAB software. This study was carried out using two different 
methods, namely the heuristic method and the linearization method. The system’s output response was 
analyzed based on rise time, settling time, percentage overshoot and offset.  
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INTRODUCTION 
 
 The engine used in this project is a four cylinder four stroke spark ignition engine. The term ‘four stroke’ 
refers to the four steps involved in the operation of the engine, which are intake, compression, combustion and 
exhaust respectively. During intake, the piston sucks in the air-fuel mixture from the carburetor through the inlet 
valve into the cylinder. Next, during compression, the piston moves upward, thus compressing the mixture. 
During combustion, the spark from the spark plug inflames the mixture. The high pressure created after the 
combustion produces mechanical force by pressing the piston to the bottom. Lastly, during exhaust, the burnt 
gases are expelled from the cylinder through the outlet valve. The up and down movements of the piston is thus 
converted into rotational motion (http://www.synlube.com/howsyn.htm, 2009). Since combustion that occurs 
generates engine torque, the air fuel intake determines the torque and hence the engine speed. The air-fuel intake 
can be controlled by controlling the throttle angle. This paper presents the design of a PID controller that 
regulates engine speed by controlling the throttle opening (Norman, S. Nise, 2007). 
 The PID controller comprises of 3 components, namely the proportional (P), integral (I) and derivative (D) 
controllers. In present day, these controllers are usually arranged in parallel (Carlos, A. Smith and Armanda 
Corripio, 2000). The equation for a parallel PID controller is given below: 

 

                               (1) 

 
Where 
 
y(t)= controller output 
e(t) = error 
x = zero error controller output 
Kp = proportional gain 

/   
Ki = integral gain 
τi = integral time 

   
Kd = derivative gain 
τd = derivative time 
 
 The three gains, Kp, Ki and Kd are tuned to produce the best possible transient and steady state responses. 
Transient response refers to rise time, settling time, overshoot and the stability of the output response, whereas 
steady state response refers to steady state error or offset.  
 In this paper, the Ziegler Nichols method, also known as the Quarter Decay Ratio Response was used to 
determine and tune the PID gains. It was developed by John G. Ziegler and Nathaniel B. Nichols in 1942. It is 
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an empirical method for computing the optimum gain values for a controller. It actually consists of two separate 
methods (Dale, E. Seborg et al., 2003) and the ultimate cycle method, or the closed loop method is used in this 
project. In this method, the Ki and Kd of the feedback controller are removed so as to only have the proportional 
controller. Kp is then increased until the loop oscillates with constant amplitude. The value of Kp that produced 
constant oscillations is recorded as the ultimate gain, Kcu and the period of the oscillation is recorded as the 
ultimate period, Tu. Kcu and Tu are then used to obtain the gain values using the formulas in Table A.1 in the 
Appendix. 
 
Appendix: 
 
Table A.1: Tuning formulas for Quarter Decay Ratio Response using Ultimate Cycle. 

Type Kp τi τd 
P 2⁄ - - 
PI 2.2⁄ 1.2⁄ - 

PID* 1.7⁄ 2⁄  8⁄  
 

 *The formula given for PID is for the series PID. To convert the series PID to parallel PID, the formulas 
below are used: 
 

Kp Kp′ 1  ′

′
                                     (A.1) 

 
τi  τi′  τd′                                             (A.2) 
 

τd  τ ′τ ′
′ ′

                                               (A.3) 
 
 A disadvantage in this method is that it often leads to a rather oscillatory response to set-point changes. 
Besides that, the overshoot produced is also high, which is up to 25% (Dong Hwa Kim). Although this method 
will not determine the optimum controller that will produce the best output, it can determine good ball park 
figures for the controller parameters, which can then be easily fine tuned to obtain the desired results (Gustavo 
Maia de Almeida et al.,).  
 In this project, simulation is done on the Engine Timing Model with Closed Loop Control available in 
Simulink-Matlab software (Simulink Model of SI Engine, 1994-7). This model is shown in Figure A.1 in the 
Appendix. The controller in the model is a discrete PI controller. Its input is the difference between the desired 
and the actual engine speed, whereas its output is the throttle angle.  

 

 
Fig. A.1: Engine Timing Model with Closed Loop Control (Simulink Model of SI Engine, 1994-7). 
 
Methodology: 
 Two distinct methods have been implemented in this project, namely the heuristic method and linearization 
method. 
 
A. Heuristic Method: 
 In this method, the derivative, D controller is designed and incorporated into the existing PI controller to 
form the PID controller. Next, the PID gains are determined using Ziegler Nichols method. Subsequently, fine 
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tuning is done heuristically to obtain optimum output.Among the design features for the derivative controller are 
it is based on the controlled variable rather than the error. This eliminates large variations in the derivative term 
due to sudden changes in set point. Besides that, for noisy process measurement, the derivative of the controlled 
variable changes wildly, causing the derivative action to amplify the noise as well. To prevent this, the 
controlled variable is filtered before being fed to the D controller (Carlos, A. Smith and Armanda Corripio, 
2000; Dale, E. Seborg et al., 2003). Assuming initial controller output, x to be 0, the equation for the D 
controller is: 

 

                                        (2) 

 
Where 
 
N = derivative filter 

           
α = constant which typically has a value between 0.05 and 0.2 
 
 The derivative controller is implemented using Simulink as shown in Figure 1 below: 

 

 
Fig. 1: Designed Derivative Controller. 

 
 The D controller is then incorporated into the existing PI controller to yield a PID controller. The formula 
for modified PID Controller is given below: 

 

                             (3) 

 
 The PID controller implemented in this project is shown in Figure A.2 in the Appendix. 
 Next, PID tuning was done using Ziegler-Nichols method. The PID controller subsystem was modified to 
contain only the proportional controller, as shown in Figure 2 below:  

 
Fig. 2: PID Controller with only Proportional Controller. 

 
B. Linearization Method: 
 In this method, Simulink Control Design is used to design the PID controller. A requirement is that the 
model must be a linear model.  Since the model used in this project is a highly complex nonlinear model, 
linearization had to be performed on this model. However, the engine model could not be linearized because 
several blocks in the model contained nonlinearities (http://www.mathworks.in/company/newsletters/ 
digest/july04/linmodels.html, 2010). Therefore, this model was modified according to another engine speed 
model available in Simulink, as shown in Figure A.3 in the Appendix. The basic functional approximation done 
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in this model is inside the intake manifold subsystem where a quadratic polynomial is used to approximate the 
relationship between the air charge, the manifold pressure and the engine speed.  
 

 
Fig. A.2: PID Controller Subsystem 

 
 A constant input of 2000 rpm was input to the system and torque disturbances present in this model were 
removed. Subsequently, Kp was increased in small increments to determine Kcu and Tu.  

 
 

 
 
Fig. A.3: Approximated Engine Speed Model (Simulink Model of SI Engine, 1994-7). 
 
 Next, the PID controller was designed using Simulink Compensator Design Task (The Mathworks. 
MATLAB: Simulink Control Design). The PID controller subsystem was replaced with a PID controller block 
that is offered in Simulink because manually designed PID controllers cannot be tuned using PID Tuner 
available in Simulink Compensator Design. The PID block was designed using the closed loop Ziegler Nichols 
method. 
 Then, fine tuning was performed using the PID Tuner (The Mathworks. MATLAB: Simulink Control 
Design). The parameters that give the best response are then tested in the original nonlinear engine timing model 
with closed loop. 

 
RESULTS AND DISCUSSION 

 
 The results obtained from both methods are compared. The output response is determined based on offset or 
steady state error, percentage overshoot, rise time and 2% settling time. 
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C. Heuristic Method: 
1) Ziegler Nichols Online Tuning Method: 
 Kp was increased in steps of 0.1 starting from 0.1 through 0.5. The response obtained is shown in Figure 3. 
 

 
Fig. 3: Output Speed for increasing Kp values. 

 
 As Kp is increased, the output slowly starts to oscillate. The first Kp value that produced complete 
oscillation is 0.64. Subsequently, Kp was increased in even smaller steps, which is in steps of 0.02.  
 
Table 1: Oscillation Parameters for various Kp values. 

Kp Amplitude of Constant Oscillation 
(rpm) 

Offset (rpm) Time when Constant Oscillation 
starts (s) 

Period of Oscillation (s) 

0.64 1936 64 42.382 0.442 
0.66 1959 41 15.771 0.442 
0.68 1973 27 7.436 0.442 
0.70 1986 14 5.271 0.445 
0.72 1995 05 3.921 0.448 
0.74 2004 04 3.492 0.448 
0.76 2011 11 3.482 0.448 
0.78 2017 17 3.471 0.448 
0.80 2024 24 3.471 0.448 
0.82 2027 27 3.482 0.448 
0.85 2041 41 3.501 0.455 
0.90 2058 58 3.521 0.451 
0.95 2073 73 3.451 0.448 
1.00 2089 89 3.501 0.451 

 
 The oscillation is ensured constant and not diminishing or increasing over time. From Table 1, it was 
observed that the best response with minimal offset and time when constant oscillation starts was obtained for 
Kp = 0.74. Hence, this Kp value was selected as the ultimate gain, Kcu. The ultimate period, Tu is determined 
from Table 1 to be 0.448s. The oscillation for Kp=0.74 is shown in Figure 4 below. 
 

 
Fig. 4: Output Speed for Kp = 0.74. 
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2) PID Parameters: 
 Using Kcu and Tu, the PID parameters were determined based on the formula given in Table A.1 in the 
Appendix. The derivative filter, N had to be set. Since τd is known and α ranges from 0.05 until 0.2, a maximum 
α of 0.2 was taken and N was set at 0.00896. The system was tested with a step input from 2000 rpm to 3000 
rpm at time of 5s. 
 The system response was found to be much better than the quarter decay ratio response proposed by Ziegler 
and Nichols. It was observed that there was no quarter decay ratio response present. Instead, the system 
immediately stabilized after a single overshoot. All responses were satisfactory, except the overshoot, which 
was very large (47.7%). This is expected to occur when applying this method. Because they are based on a 
quarter decay ratio, the Ziegler Nichols method produces large overshoots for step changes in set point (Dale, E. 
Seborg et al., 2003). The PID parameters were then fine tuned one by one until the best possible output was 
obtained. 

 
3) Comparison between Ziegler Nichols and Fine Tuned: 

 
Table 2: Difference in PID Parameters. 

Parameters Ziegler Nichols Fine Tuned Difference (%) 
Kp 0.5441 0.460 15.457 
Ki 1.9432 0.180 90.737 
Kd 0.0224 0.020 10.714 
N 0.00896 0.00896 0 

 
 From comparison in Table 2, it can be deduced that only the Ki value determined by Ziegler Nichols 
method deviated largely from the Ki value that produced a good output response.   
 

 

 
 
Fig. 5: Comparison between Output Response for Ziegler Nichols’ PID parameters and Fine Tuned PID 

parameters. 
 

 Referring to Figure 5, it can be noticed that both the output responses are very similar. The difference in the 
response parameters are extremely small, as tabulated in Table 3. Only the % overshoot was unsatisfactory for 
Ziegler Nichols method. Hence, the Ziegler Nichols method is proven to be an effective approach in 
determining the PID controller parameters.  
 
Table 3: Difference in Output Response. 

Response Ziegler Nichols Fine Tuned Difference 
Rise Time 0.265 s 0.301 s 0.036 s 

2% Settling Time 1.295 s 1.643 s 0.348 s 
Offset 0 0 0 

% Overshoot 47.7% 2.7% 45% 
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D. Linearization Method: 
1) Automated Tuning of PID: 
 The approximated engine speed model was linearized and the PID controller was designed using the Ziegler 
Nichols closed loop method. The PID controller parameters were then updated into the PID controller block. 
The PID parameters obtained are Kp = 0.6678, Ki = 4.404 and Kd = 0.0127. N was set at 100. The output 
response obtained here is similar to the output response for PID Controller Parameters determined using Zieglar 
Nichols method. 

 
2) Fine Tuning and Implementation into Actual Model: 
 Fine tuning was accomplished using the interactive PID Tuner. The PID parameters obtained are Kp = 
0.0526, Ki = 0.1094 and Kd = 0.0039. N was set at 100. The fine tuned PID controller parameters were then 
implemented into the actual nonlinear engine timing model with closed loop. The PID controller was able to 
regulate the engine speed of the non linear model. However, the output response of the non linear model was 
slightly poorer than the output response of the linear model because the non linear model would have operated 
outside the operating point of the linearized model.  

 
3) Comparison between Heuristic and Linearization: 
 From the results obtained, it can be deduced that both the methods yielded in the desired output response, 
which is both methods were able to regulate the engine speed. The output response for both the systems is 
shown in Figure 6. 

 

 
 

Fig. 6: Comparison between Output Response for Engine Speed Obtained using Heuristic and Linearization 
Method. 

 
Table 4: Comparison in Output Response. 

Response Heuristic Simulink Control Design Difference 
Rise Time 0.301 s 0.417 s 0.116 s 

2% Settling Time 1.643 s 1.583 s 0.06 s 
Offset 0 0 0 

%Overshoot 2.7% 11.2% 8.5% 

 
 From both Figure 7 and Table 4, it can be concluded that the output response of the system determined 
using the heuristic method is better than the output response of the system determined using the linearization 
method.  

 
Conclusion: 
 A PID controller was successfully designed using the Ziegler Nichols method to regulate a constant speed 
engine by controlling the throttle angle. The Ziegler Nichols method provided very good ballpark figures for the 
PID parameters. Only slight fine tuning was required to optimize the output response of the system. Besides 
that, the Ziegler Nichols method was also easy to implement and did not require much prior knowledge of the 
system or the model itself. This is one particular reason why this method is favorable and is widely applied by 
control and instrument engineers in the industry. 
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