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ABSTRACT 

This paper presents a new design of a nonlinear multi-input multi-output PID neural controller of 

the active brake steering force and the active front steering angle for a 2-DOF vehicle model based 

on modified Elman recurrent neural. The goal of this work is to achieve the stability and to improve 

the vehicle dynamic’s performance through achieving the desired yaw rate and reducing the lateral 

velocity of the vehicle in a minimum time period for preventing the vehicle from slipping out the 

road curvature by using two active control actions: the front steering angle and the brake steering 

force. Bacterial forging optimization algorithm is used to adjust the parameters weights of the 

proposed controller. Simulation results based Maltab package show the control methodology has 

effectiveness performance in terms of the excellent dynamic behavior of the vehicle model by 

minimizing the tracking error and smoothness control signals without saturation state obtained, 

especially when adding a bounded external disturbances to the vehicle model. 

Keywords: Modified Elman Neural Network; PID Controller; 2-DOF Vehicle Model; Bacterial 

Optimization Algorithm. 
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 الخلاصة

لي امي  القيو  توجيي   والإخي ا  الإدخيا هذا البحث يقدم تصميم جديد لمسيير  صصيبي تناسيبي تلياملي تياميلي م عيدد  إن

 إن. ن المعدليةيلمياالشيبلة العصيبية  أساسمبني ص    (DOF-2الم كبة )لنموذ   اليعالة الأماميةول وجي  العجلات  اليعا 

دوران تحقيت معيد  اليالح كيي للم كبية مين خيلا   أداءمين هيذا العمي  هيو تحقييت ااسي ق ارية   تحسيين  الأساسييالهدف 

الليب  جيي  قيو  توالمرلوب وتقلي  الس صة الجانبية في اقص  وقت مملن لمنع انزاق الم كبة خيار  المنعريب باسي خدام 

للمسيييير   العناصييي  أوزانليجييياد و تعيييدي   البل  ييييادام الخوارزميييية اامةليييية لقيييد تيييم اسييي خ وتوجيييي  العجيييلات الأماميييية.

حييث تصي ف  م يين مين أداءلهيذا المسيير   إنالحقيبية الب مجية مياتلاب تبيين  مباسي خدامن خلا  ن ائج المحاكيا  المق  ح.

 باعالإشييالسييير   بييدون الحصييو  صليي   حاليية  إشيياراتونعوميية  أل  ييابعيلنمييوذ  الم كبيية ب قلييي  الخريي  ح كييي مم يياز 

 نموذ  الم كبة. إل موماء خارجية  إمافة  خاصة صندما تم وبصور

(م DOF-2بية )الشيبلة العصيبية ايلمين المعدليةم المسيير  ال ناسيبي ال لياملي ال ياميليم نميوذ  الم ك :الرئيساية كلماا ال

  .الخوارزمية اامةلية البل  يا
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1. INTRODUCTION 

Recently, intelligent vehicles give precious serve for both driver and passengers; they have played a 

very serious role in traveling safety, comfortably as well as they have reduced the risk of traffic 

problems. Since the vehicles confront unexpected  parameter such as rain, side air force, vehicle 

wear, road condition, tire pressure loss and external disturbance, different automatic control systems 

have been developed in a modern car to prevent the spinning, drifting and rolling problems in order 

to help the driver to keep control on vehicle and to effectively reduce accident by using the modem 

automotive system technology such as Vehicle Dynamics Control (VDC), Anti-lock Brake System 

(ABS), Acceleration Slip Regulation (ASR) System, Electronic Stabilization Program (ESP) and 

Automatic Guidance Control (AGC), Youngjin, et al., 2017 and Aalizadeh, et al., 2016. 

Thus, many researchers address different ways to control the steering and yaw rate some of these 

researches are: in, Chen-Sheng, et al., 2012, a robust control algorithm which consists of fuzzy 

neural network for automatic steering vehicle was introduced. In Mumin, et al., 2014, a robust PID 

controller for automated path following steering control driving was presented. In addition to that, 

Hongliang, et al., 2010, designed a sliding mode and back stepping yaw stability controller to make 

the vehicle yaw rate follow its reference based on model of vehicle yaw rate and wheel dynamics. 

Also in, Haiping, et al. 2010, a robust yaw moment controller for improving both handling and 

stability was proposed. In, Ming, et al., 2012 and Bruin, et al., 2000, the integral robust multi-tier 

model based back steeping vehicle steering control was explained. In, Aalizadeh, et al., 2016, a 

bee's algorithm and neural network were used as an efficient controller for front steering vehicle 

was proposed. In, Gilles, et al., 2013, a high order sliding mode control for autonomous vehicles 

was introduced. Pan, et al., 2012, designed an adaptive PID for autonomous vehicles control. 

Hajjaji, et al., 2006 and Xianjian, et al., 2017, showed a robust fuzzy controller for vehicle lateral 

dynamics. Shijing, et al., 2008, designed a genetic fuzzy neural network controller for four wheel 

steering. In Guo, et al., 2014, neural network slide mode controller for intelligent vehicle trajectory 

tracking was presented.    

The motivation for this work is taken from Haiping, et al., 2010, Youngjin, et al., 2017 and 

Aalizadeh, et al., 2016: to investigate the stability of the vehicle dynamics by achieving the desired 

yaw rate and minimizing the lateral velocity to zero value in a short period of time for preventing 

the vehicle from sliding out the road curvature through designing a two active control actions: the 

front steering angle and the brake steering force. 

The contribution of this research paper is a swift control action which is generated using MATLAB 

simulation based on the proposed design of the nonlinear MIMO-PID-MENN control law and 

Bacterial forging optimization algorithm that leads to achieve the yaw rate of the vehicle with 

minimum lateral velocity. In addition to that, it is distinguished by performance robustness for 

bounded disturbance effects. 

The remainder of this paper is organized as follows: Section 2 described the mathematical model of 

2-DOF vehicle. Section 3 presented the proposed of nonlinear PID-MENN controller with Bacterial 

forging tuning algorithm. Section 4, the performance of the numerical simulation results of the 

proposed control algorithm is illustrated. The conclusions are drawn in section 5. 
 

2. MODEL OF VEHICLE LATERAL DYNAMICS 

In general, the vehicle lateral dynamics motion is affected by many variables such as vehicle speed, 

vehicle mass and tires state on road, Mark, et al., 2014. In order to describe the mathematical 

vehicle later dynamics model and to achieve the stability of the system, the independent control of 

lateral and yaw motion requires at least one additional control input, the first one is the front 

steering angle and the second control signal is as one from three possible solutions as follows: rear 

wheel steering angle; braking forces; and torque driving wheel, Martin, et al., 2017. 
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This paper focuses on the vehicle yaw rate and lateral velocity as the desired outputs and there are 

two control actions the front steering angle and the differential braking as inputs to the vehicle 

model.  

Fig. 1 shows the two DOF vehicle model and it is widely used for lateral control design and has 

been shown to provide accurate response characteristics compared to more complex models for 

conditions up to 0.3g lateral acceleration, Haiping, et al., 2010 and Hajjaji, et al., 2006. 

To describe the mathematical model of vehicle lateral motion with interaction dynamic behavior in 

multi-input multi-output system can be taken, Mark, et al., 2014 and Martin, et al., 2017, as 

follows:  
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Where: 

Lv and y1: represent the lateral velocity; Yr and y2: represent yaw rate; a : is (1 m) the distance from 

the center of mass to front axle. b: is (1.5 m) the distance from the center of mass to rear axle; T: is 

(1.5 m) the vehicle track;
fC : is (55000 N/rad) the front tire cornering stiffness;

 rC : is (45000 

N/rad) the rear tire cornering stiffness; g: is (9.81 m/sec2) the acceleration of gravity; I: is (1500 kg 

m2) the vehicle moment of inertia; M: is (1000 kg) the vehicle mass; 
f : is the front steering angle; 

BsF : is brake steer force; 
f

d 
: is the dynamics disturbances. 

The brake steer force
BsF in equation (1) can be described as in equations (3 and 4) as follows 

Martin, et al., 2017: 

)(
2

XLXRBS FF
T

M                                                       (3) 

XLXRBS FFF                                                                         (4) 

where: 

BSM : is brake steer moment. 
XRF and XLF : are front and rear longitudinal tire forces respectively. 

 

3. NONLINEAR MIMO-PID-MENN CONTROL DESIGN 

In general, the traditional PID controller cannot be used as efficient organizers to achieve the 

desired outputs for multi-input multi-output system with dynamic behavior interaction. In fact, the 

proposed controller must work properly and instantly for different roads curvature to prevent the 

vehicle from sliding out the road in real time. Therefore, the general nonlinear MIMO-PID-MENN 

controller structure will be designed as shown in Fig. 2, where the outputs of the nonlinear MIMO-

PID-MENN controller automatically control the vehicle lateral motion by using the brake steering 

force and the front wheel steering angle during the vehicle rotation on the curvatures. 

It consists of three parts:  

The first part is the simple structure of the PID controller that has many abilities such as an 

applicability, high robustness performance and widespread use with three control gains parameters 

that can be optimized and adjusted during the on-line control process.  The PID control equation is 

given by Eq. (6), Al-Araji, 2014. 
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where: the proportional gain (kp);  the integral gain (ki); the derivative gain (kd); the control action 

(u(t)) and the error signal (e(t)). 

The second part is modified Elman recurrent neural network which constructed from four layers and 

each has its own operation as explained below, Al-Araji, et al., 2011:  

 Input Layer: It works as a buffer i.e. passes the data with scaling modification. 

 Hidden layer: It contains the non-linear activation functions.  

 Context layer: It works as a memory for the previous layer i.e. non-linear activation functions. 

 Output layer: It represents a linear collector unit which adds the all fed signals with scaling 

modification.  

The structure of nonlinear MIMO-PID-MENN controller is shown in Fig.3. The parameters weights 

of the proposed controller are: kp1,2 ,ki1,2 and kd1,2  hidden layers weights while the parameters 

weights in the context layers are 
2,1Vc ; Li : Linear node activation function; H : Sigmoid nonlinear 

activation function. )(
2,1

kho

c : are context unit outputs; )(2,1 kh :are hidden unit outputs;  : is the self-

connections feedback gain it is represented randomly between (0 to 1);  : is the connection weight 

from the hidden layer to the context layer it is represented randomly between (0 and 1); eYr(k) and 

eLv(k):are input error signals; FBS(k): is the differential braking system control action signal; δf(k): is 

the front wheel steering angle control action signal. The proposed control law equation for both the 

brake steering force control signal and the front wheel steering angle control signal of the MIMO-

PID-MENN controller for the vehicle lateral dynamics motion are as follows:  

)()()( 21  hhkf                             
(7) 

)()()( 12  hhkFBS                                                                                                          
(8) 

The outputs h1,2(-) of the modified Elman neural network as in equations (9 and 10) depend on the 

sigmoid activation function, Al-Araji, 2015: 
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)(2,1 net  are calculated from these equations (11 and 12), respectively: 

))(())1()(()1()(()((()(
111111 khVckekekdkekekikekpnet o
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Where: 
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(14) 

 

So, the feedback nonlinear MIMO-PID-MENN controller is very necessary to track and stabilize 

the tracking error in each of the lateral velocity and the yaw rate for the vehicle model outputs by 

using two control signals front steering angle and braking force. 

Therefore, the new proposed nonlinear MIMO-PID-MENN has considerable properties which can 

be summarized by : 

 Fast learning, high adaptation performance, high order control performance and this is due to 

the context units in MENN which memorize the previous activations of the hidden units. 

 Good dynamic characteristic, no output oscillation and strong robustness performance  and it is 

due to the self-connections in the context units which increase the order of the controller model. 
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In this work, a scaling factor 
FS  is needed to be added in the output layer for the MIMO-PID-

MENN controller to convert the scaled values to actual values and it is equal to 5000 because the 

maximum value of the differential braking system control action for this model is equal to 5000 N. 

The parameters weights of the MIMO-PID-MENN controller kp1,2, ki1,2, kd1,2, and Vc1,2 will be  on-

line adjusted by using Bacterial forging optimization algorithm. 

The third part is Bacterial forging optimization algorithm which is proposed by Passino, 2002, it 

was considered a successful foraging strategy because of  the notion of the natural selection which 

tended to eliminate the animals as well as it can be defined as a swarm intelligence technique 

because it had an individual and group foraging policies of the (E. Coli) bacteria in human intestine, 

Das, et al., 2009,  as shown in Fig. 4. 

The E. Coli bacteria is one of bacterial types, so it is always trying to find the best place by using 

two kinds of motion (swim or tumble) in order to get a high nutrient level and to avoid noxious 

places as shown in Fig. 5, Das, et al., 2009. The first motion is forward swimming or running when  

E. Coli bacteria are moving at a very fast rate in the direction of higher nutrient level and it is called 

“chemo-taxis”. The second motion is tumbling in uncertain direction with a very small 

displacement movement when the bacteria are arrived in a place with a lower nutrient level, 

Munoz, et al., 2010. 
In general, Bacterial foraging optimization theory is explained by moving in the direction of 

nutrient value, where every bacterium releases chemical substances of attractant when heading to a 

nutritious place and repellent when they are near a noxious place and the following steps: Chemo-

taxis, Swarming, Reproduction and Elimination and dispersal, Das, et al., 2009 and Munoz, et al., 

2010. 

 

Chemo-taxis Step: the equation that described the E. coli cell movement through swimming or 

tumbling via flagella as in Eq. (15): 

𝑃(𝑖, (𝑗 + 1), 𝑘, 𝑙) = 𝑃(𝑖, 𝑗, 𝑘, 𝑙) + 𝐶(𝑖)∅(𝑖)                                                                                    (15) 

Where: 

𝑃(𝑖, 𝑗, 𝑘, 𝑙) : is the 𝑖𝑡ℎ bacterium position [kp1, ki1, kd1, kp2, ki2, kd2, Vc1 and Vc2] at the 𝑗𝑡ℎ chemo-

taxis at 𝑘𝑡ℎ reproduction and 𝑙𝑡ℎ elimination and dispersal step. 

𝐶(𝑖) : is the step size of the tumble direction. 

∅(𝑖) : is the random of the length direction. 

 

Swarming Step:  this step gives the bacteria meet into groups to search the perfect path of food and 

reach the desired place quickly where every bacterium must be tried to attract other bacteria to 

make a high bacterial density by using Eq. (16): 

𝐽𝑐𝑐(𝑃(𝑗, 𝑘, 𝑙), 𝑁(𝑗, 𝑘, 𝑙)) = ∑ 𝐽𝑐𝑐
𝑖𝑆

𝑖=1 (𝑃(−), 𝑁(−))                                                                          (16) 

Where: 

𝐽𝑐𝑐(𝑃(−), 𝑁(−)) : is the cost function value. 

𝑆 : is the total number of bacteria. 

𝑝 : is the number of parameters to be optimized as 𝑃 = [𝑃1, 𝑃2, … , 𝜃𝑝]
𝑇
. 

 

Reproduction Step: The healthier bacteria will generate two bacteria in the same location while the 

lower healthy bacteria ultimately die therefore, the swarm size is kept a constant. 

 

Elimination and Dispersal step: in this step, the process of elimination and dispersal is very 

important to guarantee the diversity of new individuals and to find a place that may be near from a 

good food sources and in this algorithm the probability value to make the bacteria eliminated and 

dispersed is (0 to 1) where the elimination and dispersal probability value is denoted as (𝑃𝑒𝑑).  

The flowchart of the nonlinear MIMO-PID-MENN tuning control algorithm is shown in Fig. 6.  
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4. SIMULATION RESULTS 

The proposed MIMO-PID-MENN controller with tuning control algorithm based on Bacterial 

forging optimization is carried out by Laptop  computer simulation using Matlab package (2012) as 

m file program codes.  In this paper, seven regions of operation have been taken depending on the 

variable speed of the vehicle as “15, 25, 35, 40, 30, 20 and 10” m/sec therefore, we have seven 

transfer functions for the dynamic model of the vehicle that was described in section two. So The 

desired lateral velocity for the dynamic model of the vehicle should be zero value in order to 

overcome the vehicle which may rotate around itself at high vehicle velocity while the desired yaw 

rate should be defined as in Eq. (17): 

 

R

kU
kYrdes

)(
)(                                                                   (17) 

Where: R is curvature radius and it is equal to 100 m. 

It is very important to add scaling function at output of the proposed controller in order to overcome 

a numerical problem that is involved within real values by converting the scaled values to actual 

values where the differential braking range is   5000 N while the front steering angle is 1.0 rad.  

To apply the proposed control scheme to the 2-DOF vehicle model, the proposed tuning control 

algorithm of BFO  defined the parameters as follows: S is the total bacteria number and it equals to 

twenty; I the iteration number and it is equal to twenty; 𝑁𝑐 is the number of chemo-tactic steps and 

it equals to ten; 𝑁𝑠 is the swimming length and it equals to five; 𝑁𝑟𝑒 is the number of reproduction 

steps and it equals to four; 𝑁𝑒𝑑 is the number of elimination-dispersal events and it equals to three; 

𝑝𝑒𝑑 is the number of elimination-dispersal probability and it equals to 0.25 as proposed value and p 

is the cell number  in BFO tuning algorithm and it equals to eight because of only eight parameters 

weights of MIMO-PID MENN controller to be adjusted. 

To show the performance of the proposed MIMO-PID-MENN controller, there are seven steps 

change in the desired of yaw rate with  sampling time is equal to 0.01 sec for minimum time 

constant from these seven transfer functions based on Shannon theorem while the desired lateral 

velocity is equal to zero. 

Fig. 7-a  observes the actual yaw rate output of the vehicle mode is fast tracking the desired yaw 

rate without overshoot state while the Fig. 7-b shows the actual lateral velocity of the vehicle that 

started from  -2 ×10-7 m/sec at very short transit state to zero value at steady state. The yaw rate 

error and lateral velocity error can be shown in Figs. 8-a, and b, respectively. Figs. 9-a, and b show 

the response of the two feedback control actions brake steer force “differential braking” and front 

steering angle respectively in order to achieve the desired yaw rate and to make the lateral velocity 

is equal to zero. The parameters weights of the nonlinear MIMO-PID-MENN controller have been 

adjusted and tuned in each state of the seven steps change in the desired yaw rate for the vehicle 

model, as shown in Table 1. 

To confirm that the nonlinear MIMO-PID-MENN has a capability of the adaptation and robustness 

performance, a disturbance term )100sin(102 3 tdis

 , Haiping, et al., 2010 has been added to the 

vehicle model that represents the dynamics disturbances.  Fig. 10-a shows the response of the yaw 

rate of the vehicle which did not drift from the desired as well as it has very small overshoot while 

Fig. 10-b shows the lateral velocity of the vehicle that the response has a very small oscillation 

magnitude equals to ±0.008 m/sec. The yaw rate error signal and lateral velocity error can be shown 

in the Figs. 11- a, and b, respectively for disturbance effects. The differential braking control signal 

and the front steering angle control signal of the nonlinear MIMI-PID-MENN for vehicle model 

with disturbance effect can be shown in Figs. 12-a, and b, respectively . 
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5. CONCLUSIONS 

The nonlinear MIMO-PID-MENN controller with Bacterial forging optimization algorithm for 

MIMO dynamic vehicle motion model has been presented in this paper. The yaw rate and lateral 

velocity are the state outputs of the 2-DOF vehicle model and they are excellent tracked the desired 

inputs because the proposed controller with BFO algorithm generated two control actions front steer 

angle and differential brake through finding and tuning the best and high stable parameters weights 

of the controller with minimum time and no oscillation in the output. Simulation results of lateral 

motion show that the effectiveness of proposed nonlinear MIMO-PID-MENN controller; this is 

demonstrated by the minimized tracking error of the lateral velocity and yaw rate to reach zero 

value  in a short time period as well as the smooth control signal which has been obtained at 

different velocities of the vehicle model, especially when adding the external front steering angle 

disturbances problem.  
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Figure 3. The proposed nonlinear MIMO-PID-MENN controller structure. 
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Figure 6. The flow chart of Bacterial forging tuning control parameters algorithm. 
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Figure 7. a) The response of the Yaw Rate (rad/sec); b) The response of the Lateral Velocity 

(m/sec) 
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Figure 8. The error signal between the desired and actual output of the vehicle model: a) yaw rate 

error signal; b) lateral velocity error signal 
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Figure 9. The actual output of the proposed controller a) the differential braking action; b) the front 

steering angle action. 
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Table 1. The parameters weights of the nonlinear MIMO-PID-MENN controller. 

Vehicle 

Velocity 
kp1 ki1 kd1 Vc1 kp2 ki2 kd2 Vc2 

15 0.237 0.471 0.101 1.322 0.381 0.113 0.219 1.071 

25 0.466 0.311 0.111 0.949 0.428 0.299 0.331 1.033 

35 0.722 0.236 0.399 0.467 0.751 0.957 0.831 0.993 

40 0.731 0.697 0.674 0.513 0.399 0.966 0.877 1.405 

30 0.651 0.993 0.841 0.911 0.364 0.387 0.592 0.862 

20 0.923 0.716 0.839 0.923 0.199 0.644 0.553 0.997 

10 0.771 0.763 0.159 0.532 0.147 0.723 0.801 1.079 

 

 

 

 

Figure 10.  a) The response of the Yaw Rate (rad/sec) with disturbance effect; b) The response of 

the Lateral Velocity (m/sec) with disturbance effect. 
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Figure 11. The error signal between the desired and actual output of the vehicle model with 

disturbance effects: a) yaw rate error signal; b) lateral velocity error signal 
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Figure 12. The actual output of the proposed controller with disturbance effects a) the differential 

braking action; b) the front steering angle action. 
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