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                                                                Vehicle Dynamics Assignment: Frequency response to steering angle input 


Appendix 3

Full Model , Both Linear and Non-linear

;full model with new steering input for nonlinear command

; last update 4th April 01

; YWBOUNCPIT.LSP

; Linear/non-linear car ride/handling model for MATLAB or C/FORTRAN.

; Yaw, bounce, roll and pitch included.

; Can be made fixed or free control.  

(reset) 
    ; zeros the workspace

(si)

    ; set units system to be SI

(add-gravity)
    ; introduce uniform gravitational field in [nz] direction

(defvar *linear*)

(defvar *fixed_control*)

(setf *linear* nil)          ; t for linear - nil for non-linear

(setf *fixed_control* t)   ; t for fixed-control - nil for free-control

(setsym *double-precision* t)

(setsym *safe-sqrt* t)

(setsym *safe-divide* t)

(setsym *stiff-integrator* t)

; set the name for documentation purposes and assign value to ms symbol, unsprung mass

; ms it is defined as the total mass minus the total unsprung mass

(if *linear*

   (setsym *multibody-system-name* "Linear handling and ride model")

   )

(unless *linear*

   (setsym *multibody-system-name* "Non-linear handling and ride model")

   )

(setsym ms "tmafa + tmara - maf -mar")

; think of global origin point, n0, at ground level.  In the nominal condition

;    of the system, let yawf0 coincide with n0 and let both be where the vertical

;    from the sprung mass c. g. intercepts the ground plane

; introduce Yaw frame with constant forward velocity and 3 DOF (planar motion)

(add-body yawf   :parent n   :translate (x y)   :body-rotation-axes z

     :parent-rotation-axis z  :reference-axis x   :joint-coordinates (0 0 0)

     :name "yaw frame"   :inertia-matrix (0 0 0)   :mass 0)

; set forward speed constant

(add-speed-constraint "tu(yawf) - vu")

; add vehicle body to the yaw frame with pitch, bounce and roll relative freedoms

(add-body mb1   :parent yawf   :name "massless body 1"   :mass 0

     :inertia-matrix 0   :body-rotation-axes y   :parent-rotation-axis y

     :reference-axis z)

(add-body s   :parent mb1   :name "sprung mass"   :mass @ms

     :inertia-matrix ((isx 0 isxz)(0 isy 0)(isxz 0 isz))   :joint-coordinates (0 0 -h)

     :translate z   :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y

     :cm-coordinates (0 0 0))

; add the four hub carriers to the body

; mb2 and mb3 have steer freedoms while the front hub carriers have y, z and camber freedoms

; in addition

(add-body mb2   :parent s   :name "massless body 2"   :mass 0

     :inertia-matrix 0   :joint-coordinates ("a+mtr" wf "h-radfwhl")

     :body-rotation-axes z   :parent-rotation-axis z   :reference-axis x) 

(add-body frhc
:name "front right hub carrier"  :mass "maf/2"

     :parent mb2  :translate (y z)  

     :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y

     :cm-coordinates (-mtr 0 0)   :inertia-matrix (ixfhc 0 izfhc))

(add-body mb3   :parent s   :name "massless body 3"   :mass 0

     :inertia-matrix 0   :joint-coordinates ("a+mtr" -wf "h-radfwhl")

     :body-rotation-axes z   :parent-rotation-axis z   :reference-axis x) 

(add-body flhc   :name "front left hub carrier"   :mass "maf/2"

     :parent mb3   :translate (y z)  

     :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y

     :cm-coordinates (-mtr 0 0)   :inertia-matrix (ixfhc 0 izfhc))

; rear hub carriers have y, z translation and camber freedoms

(add-body rrhc   :name "rear right hub carrier"   :mass "mar/2"

     :parent s
  :joint-coordinates (-b wf "h-radrwhl")   :translate (y z)  

     :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y   

     :cm-coordinates (0 0 0)   :inertia-matrix (ixrhc 0 0))

(add-body rlhc   :name "rear left hub carrier"   :mass "mar/2"

     :parent s   :joint-coordinates (-b -wf "h-radrwhl")   :translate (y z)  

     :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y   

     :cm-coordinates (0 0 0)   :inertia-matrix (ixrhc 0 0))

; y translation and camber rotation of the four hub carriers constrained by the suspension geometry

(add-speed-constraint "tu(frhc,1)-dyfpdz*tu(frhc,2)"   :u "tu(frhc,1)")

(add-speed-constraint "ru(frhc)-dgfpdz*tu(frhc,2)"   :u "ru(frhc)") 

(add-speed-constraint "tu(flhc,1)+dyfpdz*tu(flhc,2)"   :u "tu(flhc,1)")

(add-speed-constraint "ru(flhc)+dgfpdz*tu(flhc,2)"   :u "ru(flhc)")

(add-speed-constraint "tu(rrhc,1)-dyrpdz*tu(rrhc,2)"   :u "tu(rrhc,1)")

(add-speed-constraint "ru(rrhc)-dgrpdz*tu(rrhc,2)"   :u "ru(rrhc)") 

(add-speed-constraint "tu(rlhc,1)+dyrpdz*tu(rlhc,2)"   :u "tu(rlhc,1)")

(add-speed-constraint "ru(rlhc)+dgrpdz*tu(rlhc,2)"   :u "ru(rlhc)")

; add the spinning wheels

(add-body frwhl
 :name "front right wheel"   :parent frhc

      :cm-coordinates (-mtr 0 0)   :mass 0   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z

      :inertia-matrix (0 iyfwhl 0))

(add-body flwhl
 :name "front left wheel"   :parent flhc

      :cm-coordinates (-mtr 0 0)   :mass 0   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z

      :inertia-matrix (0 iyfwhl 0))

(add-body rrwhl  :name "rear right wheel"   :parent rrhc

      :mass 0   :inertia-matrix (0 iyrwhl 0)   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z   :joint-coordinates (0 0 0)) 

(add-body rlwhl  :name "rear left wheel"   :parent rlhc

      :mass 0   :inertia-matrix (0 iyrwhl 0)   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z   :joint-coordinates (0 0 0))

; rolling tyres

(add-speed-constraint "dot(vel(frhc0),[frhcx])+ru(frwhl)*radfwhl"   :u "ru(frwhl)")

(add-speed-constraint "dot(vel(flhc0),[flhcx])+ru(flwhl)*radfwhl"   :u "ru(flwhl)")

(add-speed-constraint "dot(vel(rrhc0),[rrhcx])+ru(rrwhl)*radrwhl"   :u "ru(rrwhl)")

(add-speed-constraint "dot(vel(rlhc0),[rlhcx])+ru(rlwhl)*radrwhl"   :u "ru(rlwhl)") 

; rigid link between wheels in steer

(add-speed-constraint "ru(mb2)-ru(mb3)"   :u "ru(mb3)")

; add steering wheel for free control case

(unless *fixed_control*

   (add-body stwhl   :parent s   :name "steering wheel"   :mass 0

      :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y

      :inertia-matrix (istwhlx 0 0))

   (set-defaults istwhlx 0.04)

   )

(add-body pinion   :parent s   :name "steering pinion"   :mass 0

      :body-rotation-axes x   :parent-rotation-axis x   :reference-axis y

      :inertia-matrix (0 0 0))

; rack-pinion constraint considered as a gear ratio

(add-speed-constraint "ru(pinion)-stgr*ru(mb2)"   :u "ru(pinion)")

; add points to apply forces 

(add-point frcpc   :body frhc   :coordinates (-mtr 0 radfwhl)

      :name "front right contact point for camber")

(add-point flcpc   :body flhc   :coordinates (-mtr 0 radfwhl)

      :name "front left contact point for camber")

(add-point frcps   :body frhc   :coordinates ("-mtr-ptr" 0 radfwhl)

      :name "front right contact point for sideslip")

(add-point flcps   :body flhc   :coordinates ("-mtr-ptr" 0 radfwhl)

      :name "front left contact point for sideslip")

(add-point rrcpc   :body rrhc   :coordinates (0 0 radrwhl)

      :name "rear right contact point for camber")

(add-point rlcpc   :body rlhc   :coordinates (0 0 radrwhl)

      :name "rear left contact point for camber")

(add-point rrcps   :body rrhc   :coordinates (-ptr 0 radrwhl)

      :name "rear right contact point for sideslip")

(add-point rlcps   :body rlhc   :coordinates (-ptr 0 radrwhl)

      :name "rear left contact point for sideslip")

(kinematics)

; define input for either fixed control or free control case

(when *fixed_control*

   (add-variables dyvars real str_disp str_vel)

   (set-derivs str_disp str_vel)

   (setsym col_wind "str_disp-rq(pinion)")

   (setsym col_rate "str_vel-ru(pinion)")

   (add-moment col_tq   :name "steering column torque"

      :direction [sx]   :magnitude "kstcol*@col_wind+cstcol*@col_rate"

      :body1 pinion   :body2 s) 

   (install-table omega "steer input freq.change" :2d nil :npts 30 :ntabs 1 :ninst 1

           :table-function tabf :values ((0 0) (0.5 0) (5.5 40) (5.501 0) (6.5 0)))

   (add-equation difeqn str_disp "amp*sin(omega(t,1,1)*t)")

)

(unless *fixed_control*

   (add-variables dyvars real str_tq)

   (setsym col_wind "rq(stwhl)-rq(pinion)")

   (setsym col_rate "ru(stwhl)-ru(pinion)")

   (add-moment hwhl_tq   :name "hand wheel torque from driver"

      :direction [stwhlx]   :magnitude str_tq

      :body1 stwhl   :body2 s)

   (add-moment col_tq   :name "steering column torque"

     :direction [sx]   :magnitude "kstcol*@col_wind+cstcol*@col_rate"

     :body1 pinion   :body2 stwhl)

   )

; suspension forces act on the centre of each wheel and are reacted on the body

(add-line-force frsusp   :name "front right suspension force"  :direction [sz]

      :point1 frwhl0   :point2 s0   :magnitude "(tmafa - maf)*g/2 - ksuspf*x - csuspf*v")

(add-line-force flsusp   :name "front left suspension force"  :direction [sz]

      :point1 flwhl0   :point2 s0   :magnitude "(tmafa - maf)*g/2 - ksuspf*x - csuspf*v")

(add-line-force rrsusp   :name "rear right suspension force"  :direction [sz]

      :point1 rrwhl0   :point2 s0   :magnitude "(tmara - mar)*g/2 - ksuspr*x - csuspr*v")

(add-line-force rlsusp   :name "rear left suspension force"  :direction [sz]

      :point1 rlwhl0   :point2 s0   :magnitude "(tmara - mar)*g/2 - ksuspr*x - csuspr*v")

; add anti-roll bars at front and rear

(add-line-force fr_arbf   :name "front right anti-roll bar force"   :direction [sz]

      :point1 frwhl0   :point2 s0   :magnitude "-k_farb*(tq(frhc,2)-tq(flhc,2))")

(add-line-force fl_arbf   :name "front left anti-roll bar force"   :direction [sz]

      :point1 flwhl0   :point2 s0   :magnitude "-k_farb*(tq(flhc,2)-tq(frhc,2))")

(add-line-force rr_arbf   :name "rear right anti-roll bar force"   :direction [sz]

      :point1 rrwhl0   :point2 s0   :magnitude "-k_rarb*(tq(rrhc,2)-tq(rlhc,2))")

(add-line-force rl_arbf   :name "rear left anti-roll bar force"   :direction [sz]

      :point1 rlwhl0   :point2 s0   :magnitude "-k_rarb*(tq(rlhc,2)-tq(rrhc,2))")

(add-moment sthctq   :name "steering torque at hub carrier"

      :direction [mb2z]   :magnitude "stgr*(kstcol*@col_wind+cstcol*@col_rate)"

      :body1 mb2   :body2 s)

; set slip angles and camber angles

(setsym alphafr "dot([frhcy], vel(frcpc))/dot([frhcx], vel(frcpc))-dsfdz*tq(frhc,2)")

(setsym alphafl "dot([flhcy], vel(flcpc))/dot([flhcx], vel(flcpc))-dsfdz*tq(flhc,2)")

(setsym alpharr "dot([rrhcy], vel(rrcpc))/vu-dsrdz*tq(rrhc,2)")

(setsym alpharl "dot([rlhcy], vel(rlcpc))/vu-dsrdz*tq(rlhc,2)")

(setsym gammafr "z(asin(dot([frhcy],[nz])))")

(setsym gammafl "z(asin(dot([flhcy],[nz])))")

(setsym gammarr "z(asin(dot([rrhcy],[nz])))")

(setsym gammarl "z(asin(dot([rlhcy],[nz])))")

; define lateral directions in the ground plane to use when introducing the lateral forces

(setsym latdir_fr "dir(dplane([frhcy],[nz]))")

(setsym latdir_fl "dir(dplane([flhcy],[nz]))")

(setsym latdir_rr "dir(dplane([rrhcy],[nz]))")

(setsym latdir_rl "dir(dplane([rlhcy],[nz]))")

; add lateral tyre forces.

; tyres are still considered to have a constant cornering stiffness

; introduce tyre relaxation

;front

(add-state-variable frfys1 frfys1_dot F)

(set-aux-state-deriv frfys1_dot "z(mag(vel(frcps))/sigma)*(-caf*@alphafr-frfys1)")

(add-line-force frfys   :direction @latdir_fr  :name "front right tyre force from slip"

      :point1 frcps   :point2 n0   :magnitude frfys1)

(add-state-variable frfyc1 frfyc1_dot F)

(set-aux-state-deriv frfyc1_dot "z(mag(vel(frcpc))/sigma)*(cgf*@gammafr-frfyc1)")

(add-line-force frfyc   :direction @latdir_fr  :name "front right tyre side force from camber"

      :point1 frcpc   :point2 n0   :magnitude frfyc1)

(add-state-variable flfys1 flfys1_dot F)

(set-aux-state-deriv flfys1_dot "z(mag(vel(flcps))/sigma)*(-caf*@alphafl-flfys1)")

(add-line-force flfys   :direction @latdir_fl   :name "front left tyre force from slip"

      :point1 flcps   :point2 n0   :magnitude flfys1)

(add-state-variable flfyc1 flfyc1_dot F)

(set-aux-state-deriv flfyc1_dot "z(mag(vel(flcpc))/sigma)*(cgf*@gammafl-flfyc1)")

(add-line-force flfyc   :direction @latdir_fl  :name "front left tyre side force from camber"

      :point1 flcpc   :point2 n0   :magnitude flfyc1)

;rear

(add-state-variable rrfys1 rrfys1_dot F)

(set-aux-state-deriv rrfys1_dot "z(mag(vel(rrcps))/sigma)*(-car*@alpharr-rrfys1)")

(add-line-force rrfys   :direction @latdir_rr   :name "rear right tyre side force from slip"

      :point1 rrcps   :point2 n0   :magnitude rrfys1)

(add-state-variable rrfyc1 rrfyc1_dot F)

(set-aux-state-deriv rrfyc1_dot "z(mag(vel(rrcpc))/sigma)*(cgr*@gammarr-rrfyc1)")

(add-line-force rrfyc   :direction @latdir_rr   :name "rear right tyre side force from camber"

      :point1 rrcpc   :point2 n0   :magnitude rrfyc1)

(add-state-variable rlfys1 rlfys1_dot F)

(set-aux-state-deriv rlfys1_dot "z(mag(vel(rlcps))/sigma)*(-car*@alpharl-rlfys1)")

(add-line-force rlfys   :direction @latdir_rl  :name "rear left tyre side force from slip"

      :point1 rlcps   :point2 n0   :magnitude rlfys1)

(add-state-variable rlfyc1 rlfyc1_dot F)

(set-aux-state-deriv rlfyc1_dot "z(mag(vel(rlcpc))/sigma)*(cgr*@gammarl-rlfyc1)")

(add-line-force rlfyc   :direction @latdir_rl  :name "rear left tyre side force from camber"

      :point1 rlcpc   :point2 n0   :magnitude rlfyc1)

; tyres are considered as vertically flexible. The force they develop acts at the centre of the 

; contact patch

(when *linear*

     (add-line-force frload   :direction [nz]  :name "front right tyre load"

           :point1 frcpc   :point2 n0   :magnitude "-(tmafa*g/2)-k_tyr*x-c_tyr*v")

     (add-line-force flload   :direction [nz]  :name "front left tyre load"

           :point1 flcpc   :point2 n0   :magnitude "-(tmafa*g/2)-k_tyr*x-c_tyr*v")

     (add-line-force rrload   :direction [nz]  :name "rear right tyre load"

           :point1 rrcpc   :point2 n0   :magnitude "-(tmara*g/2)-k_tyr*x-c_tyr*v")

     (add-line-force rlload   :direction [nz]  :name "rear left tyre load"

           :point1 rlcpc   :point2 n0   :magnitude "-(tmara*g/2)-k_tyr*x-c_tyr*v")

   )

(unless *linear*

     (add-line-force frload   :direction [nz]  :name "front right tyre load"

           :point1 frcpc   :point2 n0   :magnitude "min(0,-(tmafa*g/2)-k_tyr*x-c_tyr*v)")

     (add-line-force flload   :direction [nz]  :name "front left tyre load"

           :point1 flcpc   :point2 n0   :magnitude "min(0,-(tmafa*g/2)-k_tyr*x-c_tyr*v)")

     (add-line-force rrload   :direction [nz]  :name "rear right tyre load"

           :point1 rrcpc   :point2 n0   :magnitude "min(0,-(tmara*g/2)-k_tyr*x-c_tyr*v)")

     (add-line-force rlload   :direction [nz]  :name "rear left tyre load"

           :point1 rlcpc   :point2 n0   :magnitude "min(0,-(tmara*g/2)-k_tyr*x-c_tyr*v)")

   )

; define output variables and provide labelling information

;(add-out "strin" "steer"   :body "input"   :units a)

(add-out "dot([yawfy], dxdt(vel(scm)))" "latacc"

   :long-name "Lateral Acceleration"   :body s   :units "L/t**2")

(add-out "dot([yawfy],vel(scm))" "latvel"   :long-name "lateral velocity"

   :body s   :units "L/t")

(add-out "ru(yawf)" "yawrat"   :long-name "Yaw Rate"   :body yawf   :units "a/t")

(add-out "rq(s)" "rollang"   :long-name "roll angle"   :body s   :units a)

(add-out "ru(s)" "rollrate"   :long-name "roll rate"   :body s   :units "a/t")

(add-out "rq(mb2)"  "steerang"   :long-name "front steer angle"   :body frhc   :units a)

;(add-coordinates-to-output)

;(add-speeds-to-output)

;(add-out @alphaf "alpha f"   :long-name "Front slip angle"

;   :body u   :units a   :gen-name "Slip Angle")

;(add-out @alphar "alpha r"   :long-name "Rear slip angle"

;   :body u   :units a   :gen-name "Slip Angle")

; (add-forces-to-output)

; (add-moments-to-output)

(add-standard-output)

(add-out "str_disp" "steer")

(add-out "str_vel" "steer velocity")

(add-out "@col_wind" "colwind")

(add-out "@col_rate" "colrate")

(add-out "vu" "vu")

(if *linear*

  (if *fixed_control*

      (linear :u (str_disp)))

  (unless *fixed_control*

      (linear :u (str_tq)))

   )

(unless *linear*

  (dynamics)

   )

(finish)

; set units, defaults, and names of parameters

(set-units caf "f/a"  car "f/a"  cgf "f/a"  cgr "f/a"  k_tyr "f/l"  c_tyr "f*t/l"

      kstcol "f*l/a"  cstcol "f*l*t/a"  k_farb "f/l"  k_rarb "f/l"  ksuspf "f/l"

      ksuspr "f/l"  csuspf "f*t/l"  csuspr "f*t/l"  vu "l/t")

(set-defaults caf 30082  car 29332  cgf 3127  cgr 2800  radfwhl 0.3  radrwhl 0.3

      dyfpdz -0.0238  dyrpdz -0.0893  dgfpdz 0  dgrpdz 0  mtr 0.015  izfhc 0.1

      ptr 0.0357  h 0.4511  a 1.291  b 1.409  iyfwhl 0.653  izfwhl 0.6  iyrwhl 0.653

      isx 290  isxz 0  isy 1800  isz 2000  kstcol 6475  cstcol 200  tmafa  510

      tmara  490  maf 80  mar 80  k_farb 11000  k_rarb 5000  k_tyr 180000  c_tyr 50

      ksuspf 22000  ksuspr 24000  csuspf 1200  csuspr 1400  dsfdz 0.0  dsrdz 0.0

      stgr 16  vu 25  wf 0.72  wr 0.72  step .005  iprint 2  stopt 4  sigma 0.4 amp 1.07)

; define parameters descriptive of a particular vehicle

(set-names

      a "sprung mass c. g. to front axle distance"

      b "sprung mass c. g. to rear axle distance"

      caf "front cornering stiffness, one tyre"

      car "rear cornering stiffness, one tyre"

      cgf "front camber stiffness, one tyre"

      cgr "rear camber stiffness, one tyre"

      cstcol "steering column damping coefficient"

      csuspf "front suspension vertical damping coefficient (1 wheel)"

      csuspr "rear suspension vertical damping coefficient (1 wheel)"

      c_tyr  "vertical tyre damping coefficient"

      dyfpdz "front suspension y/z derivative"

      dyrpdz "rear suspension y/z derivative"

      dgfpdz "front suspension camber/z derivative"

      dgrpdz "rear suspension camber/z derivative"

      dsfdz "front bump steer coefficient"

      dsrdz "rear bump steer coefficient"

      h "height of sprung mass c.g. above the ground"

      isx "sprung mass roll inertia"

      isy "sprung mass pitch inertia"

      isz "sprung mass yaw inertia"

      isxz "sprung mass xz product of inertia"

      izfhc "steer inertia of one front hub carrier including wheel"

      iyfwhl "spin inertia of one front wheel"

      ixfhc "camber inertia of one front hub carrier including wheel"

      ixrhc "camber inertia of one rear hub carrier including wheel"

      iyrwhl "spin inertia of one rear wheel"

      istwhlx "steering wheel spin inertia"

      kf_arb "front anti-roll bar stiffness at wheel"

      kr_arb "rear anti-roll bar stiffness at wheel"

      kstcol "steering column stiffness"

      ksuspf "front suspension vertical stiffness (1 wheel)"

      ksuspr "rear suspension vertical stiffness (1 wheel)"

      k_tyr  "vertical tyre stiffness"

      maf "front unsprung mass (2 wheels)"

      mar "rear unsprung mass (2 wheels)"

      ms "sprung mass"

      mtr "mechanical trail distance"

      ptr "pneumatic trail distance"

      radfwhl "front wheel radius"

      radrwhl "rear wheel radius"

      stgr "steering gear ratio"

      vu "forward speed"

      tmafa "total mass at front axle"

      tmara "total mass at rear axle"

      wf "front half track dimension"

      wr "rear half track dimension")

;(unless *linear*

;(write-to-file write-c 

;   "X:\\Autosim\\EXAMPLES\\Assignment\\2001\\fullmodel\\NonLinear\\sim.c")

;(write-to-file write-h 

;   "X:\\Autosim\\EXAMPLES\\Assignment\\2001\\fullmodel\\NonLinear\\sim.h")

;)

Simple Linear Model 

; Linear car model for finding frequency responses via MATLAB.

; rigid link between wheels in steer.

; roll steer considered exclusively as force generator.

; steering angle used as input (fixed control).

(reset) 
    ; zeros the workspace

(si)

    ; set units system to be SI

(add-gravity)
    ; introduce uniform gravitational field in [nz] direction

; set the name for documentation purposes and assign value to hra symbol

(setsym *multibody-system-name* "Linear handling model"

      hra "(b*wf*dyfpdz+a*wr*dyrpdz)/(a+b)")

; think of global origin point, n0, at ground level.  In the nominal condition

;    of the system, let u0 coincide with n0 and let both be where the vertical

;    from the sprung mass c. g. intercepts the ground plane

; introduce unsprung mass, containing rear axle assembly, with 3 DOF (planar motion)

(add-body u   :parent n   :translate (x y)   :body-rotation-axes z

     :parent-rotation-axis z  :reference-axis x   :joint-coordinates (0 0 0)

     :name "unsprung mass"   :inertia-matrix (0 0 iuz)   :mass mu

     :cm-coordinates (-b 0 -rrwhl))

; set forward speed constant

(add-speed-constraint "tu(u) - vu")

(add-body frhc
:name "front right hub carrier"

     :parent u
 :joint-coordinates ("a+mtr" wf -radfwhl)   :body-rotation-axes z

     :parent-rotation-axis z   :reference-axis x   :mass mfhc

     :cm-coordinates (-mtr 0 0)   :inertia-matrix (0 0 izfhc))

(add-body flhc
:name "front left hub carrier"

     :parent u
 :joint-coordinates ("a+mtr" -wf -radfwhl)   :body-rotation-axes z

     :parent-rotation-axis z   :reference-axis x   :mass mfhc

     :cm-coordinates (-mtr 0 0)   :inertia-matrix (0 0 izfhc))

(add-body frwhl
 :name "front right wheel"   :parent frhc

      :cm-coordinates (-mtr 0 0)   :mass mfwhl   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z

      :inertia-matrix (ixfwhl iyfwhl izfwhl))

(add-body flwhl
 :name "front left wheel"   :parent flhc

      :cm-coordinates (-mtr 0 0)   :mass mfwhl   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z

      :inertia-matrix (ixfwhl iyfwhl izfwhl))

(add-body rrwhl  :name "rear right wheel"   :parent u

      :mass 0   :inertia-matrix (0 iyrwhl 0)   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z   :joint-coordinates (-b wr -radrwhl)) 

(add-body rlwhl  :name "rear left wheel"   :parent u

      :mass 0   :inertia-matrix (0 iyrwhl 0)   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z   :joint-coordinates (-b -wr -radrwhl))

(add-point frcpc   :body frhc   :coordinates (-mtr 0 radfwhl)

      :name "front right contact point for camber")

(add-point flcpc   :body flhc   :coordinates (-mtr 0 radfwhl)

      :name "front left contact point for camber")

(add-point frcps   :body frhc   :coordinates ("-mtr-ptr" 0 radfwhl)

      :name "front right contact point for sideslip")

(add-point flcps   :body flhc   :coordinates ("-mtr-ptr" 0 radfwhl)

      :name "front left contact point for sideslip")

(add-point rrcpc   :body u   :coordinates (-b wr 0)

      :name "rear right contact point for camber")

(add-point rlcpc   :body u   :coordinates (-b -wr 0)

      :name "rear left contact point for camber")

(add-point rrcps   :body u   :coordinates ("-ptr-b" wr 0)

      :name "rear right contact point for sideslip")

(add-point rlcps   :body u   :coordinates ("-ptr-b" -wr 0)

      :name "rear left contact point for sideslip")

(add-body s   :parent u   :name "sprung mass"   :mass ms

      :inertia-matrix ((isx 0 isxz)(0 0 0)(isxz 0 isz))   :joint-coordinates (0 0 -@hra)

      :body-rotation-axes x   :parent-rotation-axis x
:reference-axis y

      :cm-coordinates (0 0 "@hra-h"))

; add kinematic restraints

; rolling tyres

(add-speed-constraint "dot(vel(frhc0),[frhcx])+ru(frwhl)*radfwhl"   :u "ru(frwhl)")

(add-speed-constraint "dot(vel(flhc0),[flhcx])+ru(flwhl)*radfwhl"   :u "ru(flwhl)")

(add-speed-constraint "dot(vel(rrcpc),[ux])+ru(rrwhl)*radrwhl"   :u "ru(rrwhl)")

(add-speed-constraint "dot(vel(rlcpc),[ux])+ru(rlwhl)*radrwhl"   :u "ru(rlwhl)")

; rigid link between wheels in steer

(add-speed-constraint "ru(flhc)-ru(frhc)"   :u "ru(flhc)")

; add suspension roll moment

(add-moment rollm   :name "roll moment from suspension"

      :direction [sx]
:magnitude "-kphi*rq(s)-cphi*ru(s)"

      :body1 s
 :body2 u)

; define input

(add-variables dyvars real strin dstrin)

(set-derivs strin dstrin)

; define variables for relative displacement and speed rotation between steering column ends

(setsym colwind "strin-stgr*rq(frhc)"


colrate "dstrin-stgr*ru(frhc)")

(add-moment sthctq   :name "steering torque at hub carrier"

      :direction [uz]
:magnitude "stgr*(kstcol*@colwind+cstcol*@colrate)"

      :body1 frhc   :body2 s)

; set slip angles and camber angles

(setsym alphafr "dot([frhcy], vel(frcpc))/dot([frhcx], vel(frcpc))-dsfdphi*rq(s)")

(setsym alphafl "dot([flhcy], vel(flcpc))/dot([flhcx], vel(flcpc))-dsfdphi*rq(s)")

(setsym alpharr "dot([uy], vel(rrcpc))/vu-dsrdphi*rq(s)")

(setsym alpharl "dot([uy], vel(rlcpc))/vu-dsrdphi*rq(s)")

(setsym gamf "dcfdphi*rq(s)")

(setsym gamr "dcrdphi*rq(s)")

; add lateral tyre forces.

; tyres are still considered to have a constant cornering stiffness

; introduce tyre relaxation

;front

(add-state-variable frfys1 frfys1_dot F)

(set-aux-state-deriv frfys1_dot "z(mag(vel(frcps))/sigma)*(-caf*@alphafr-frfys1)")

(add-line-force frfys   :direction [frhcy]   :name "front right tyre force from slip"

      :point1 frcps   :point2 n0   :magnitude frfys1)

(add-state-variable flfys1 flfys1_dot F)

(set-aux-state-deriv flfys1_dot "z(mag(vel(flcps))/sigma)*(-caf*@alphafl-flfys1)")

(add-line-force flfys   :direction [flhcy]   :name "front left tyre force from slip"

      :point1 flcps   :point2 n0   :magnitude flfys1)

(add-state-variable frfyc1 frfyc1_dot F)

(set-aux-state-deriv frfyc1_dot "z(mag(vel(frcpc))/sigma)*(cgf*@gammafr-frfyc1)")

(add-line-force frfyc   :direction  [frhcy]   :name "front right tyre side force from camber"

      :point1 frcpc   :point2 n0   :magnitude frfyc1)

(add-state-variable flfyc1 flfyc1_dot F)

(set-aux-state-deriv flfyc1_dot "z(mag(vel(flcpc))/sigma)*(cgf*@gammafl-flfyc1)")

(add-line-force flfyc   :direction  [flhcy]   :name "front left tyre side force from camber"

      :point1 flcpc   :point2 n0   :magnitude flfyc1)

;rear

(add-state-variable rrfys1 rrfys1_dot F)

(set-aux-state-deriv rrfys1_dot "z(mag(vel(rrcps))/sigma)*(-car*@alpharr-rrfys1)")

(add-line-force rrfys   :direction [uy]
:name "rear right tyre side force from slip"

      :point1 rrcps   :point2 n0   :magnitude rrfys1)

(add-state-variable rlfys1 rlfys1_dot F)

(set-aux-state-deriv rlfys1_dot "z(mag(vel(rlcps))/sigma)*(-car*@alpharl-rlfys1)")

(add-line-force rlfys   :direction [uy]
:name "rear left tyre side force from slip"

      :point1 rlcps   :point2 n0   :magnitude rlfys1)

(add-state-variable rrfyc1 rrfyc1_dot F)

(set-aux-state-deriv rrfyc1_dot "z(mag(vel(rrcpc))/sigma)*(cgr*@gammarr-rrfyc1)")

(add-line-force rrfyc   :direction [uy]
:name "rear right tyre side force from camber"

      :point1 rrcpc   :point2 n0   :magnitude rrfyc1)

(add-state-variable rlfyc1 rlfyc1_dot F)

(set-aux-state-deriv rlfyc1_dot "z(mag(vel(rlcpc))/sigma)*(cgr*@gammarl-rlfyc1)")

(add-line-force rlfyc   :direction [uy]
:name "rear left tyre side force from camber"

      :point1 rlcpc   :point2 n0   :magnitude rlfyc1)

; define output variables and provide labelling information

;(add-out "strin" "steer"   :body "input"   :units a)

(add-out "dot([uy], dxdt(vel(scm)))" "latacc"

   :long-name "Lateral Acceleration"   :body s   :units "L/t**2")

(add-out "dot([uy],vel(scm))" "latvel"   :long-name "lateral velocity"

   :body s   :units "L/t")

(add-out "ru(u)" "yawrat"   :long-name "Yaw Rate"   :body u   :units "a/t")

(add-out "rq(s)" "rollang"   :long-name "roll angle"   :body s   :units a)

(add-out "ru(s)" "rollrat"   :long-name "roll rate"   :body s   :units "a/t")

(add-out "rq(frhc)"  "steerang"   :long-name "front steer angle"   :body frhc   :units a)

;(add-coordinates-to-output)

;(add-speeds-to-output)

;(add-out @alphaf "alpha f"   :long-name "Front slip angle"

;   :body u   :units a   :gen-name "Slip Angle")

;(add-out @alphar "alpha r"   :long-name "Rear slip angle"

;   :body u   :units a   :gen-name "Slip Angle")

; (add-forces-to-output)

; (add-moments-to-output)

(linear :u (strin))

; set units, defaults, and names of parameters

(set-units caf "f/a" car "f/a" kphi "f*l/a" cgf "f/a" cgr "f/a"

      kstcol "f*l/a" cstcol "f*l*t/a" cphi "f*l*t/a" cr "f*t/l" vu "l/t")

(set-defaults caf 30082 car 29332 cgf 3127 cgr 2800 radfwhl 0.3 radrwhl 0.3

      dyfpdz 0.0 dyrpdz 0.389 mtr 0.015 izfhc 1.0 ms 860.0 mu 80.0

      ptr 0.0357 h 0.4511 a 1.291 b 1.409 cphi 1431 ixfwhl 1.3 iyfwhl 0.653

      izfwhl 1.3 iyrwhl 0.653 isx 290 isxz 0 isz 2000 iuz 20 kphi 35743 kstcol 6475 cstcol 200

      mfhc 10 mfwhl 30 dsfdphi 0.04 dsrdphi -0.095

      dcfdphi 0.8 dcrdphi 0.9 stgr 16 vu 25

      wf 0.72 wr 0.72 step .025 iprint 2 stopt 4 sigma 0.4)

; define parameters descriptive of a particular vehicle

(set-names

      a "sprung mass c. g. to front axle distance"

      b "sprung mass c. g. to rear axle distance"

      caf "front cornering stiffness, one tyre"

      car "rear cornering stiffness, one tyre"

      cgf "front camber stiffness, one tyre"

      cgr "rear camber stiffness, one tyre"

      cphi "total roll damping coefficient"

      cstcol "steering column damping coefficient"

      dcfdphi "ratio of road wheel camber change to body roll angle"

      dcrdphi "ratio of road wheel camber change to body roll angle"

      dsfdphi "ratio of front road wheel steer angle to body roll angle"

      dsrdphi "ratio of rear road wheel steer angle to body roll angle"

      dyfpdz "front suspension y/z derivative"

      dyrpdz "rear suspension y/z derivative"

      h "height of sprung mass c.g. above the ground"

      iuz "unsprung mass yaw inertia"

      isx "sprung mass roll inertia"

      isz "sprung mass yaw inertia"

      isxz "sprung mass product of inertia"

      izfhc "steer inertia of one front hub carrier"

      ixfwhl "camber inertia of one front wheel"

      iyfwhl "spin inertia of one front wheel"

      izfwhl "steer inertia of one front wheel"

      iyrwhl "spin inertia of one rear wheel"

      kphi "front and rear total roll stifness"

      kstcol "steering column stiffness"

      mfhc "mass of one front hub carrier"

      mfwhl "mass of one front wheel"

      ms "sprung mass"

      mu "unsprung mass, accounting for rear axle only"

      mtr "mechanical trail distance"

      ptr "pneumatic trail distance"

      radfwhl "front wheel radius"

      radrwhl "rear wheel radius"

      stgr "steering gear ratio"

      vu "forward speed"

      wf "front half track dimension"

      wr "rear half track dimension")

Simple Non-Linear Model 

; Simple model with tyre relaxation, with input for steering and non linear analysis

; edited on 23.03.01, for steering input as a function  of omega*t (changing freq)

; edited latest on 4th April 01

; ST_ANGLE_RIG2.LSP

; rigid link between wheels in steer.

; roll steer considered exclusively as force generator.

; steering angle used as input (fixed control).

(reset) 
    ; zeros the workspace

(si)

    ; set units system to be SI

(add-gravity)
    ; introduce uniform gravitational field in [nz] direction

(setsym *double-precision* t)

(setsym *safe-sqrt* t)

(setsym *safe-divide* t)

(setsym *stiff-integrator* t)

; set the name for documentation purposes and assign value to hra symbol

(setsym *multibody-system-name* "Linear handling model"

      hra "(b*wf*dyfpdz+a*wr*dyrpdz)/(a+b)")

; think of global origin point, n0, at ground level.  In the nominal condition

;    of the system, let u0 coincide with n0 and let both be where the vertical

;    from the sprung mass c. g. intercepts the ground plane

; introduce unsprung mass, containing rear axle assembly, with 3 DOF (planar motion)

(add-body u   :parent n   :translate (x y)   :body-rotation-axes z

     :parent-rotation-axis z  :reference-axis x   :joint-coordinates (0 0 0)

     :name "unsprung mass"   :inertia-matrix (0 0 iuz)   :mass mu

     :cm-coordinates (-b 0 -rrwhl))

; set forward speed constant

(add-speed-constraint "tu(u) - vu")

(add-body frhc
:name "front right hub carrier"

     :parent u
 :joint-coordinates ("a+mtr" wf -radfwhl)   :body-rotation-axes z

     :parent-rotation-axis z   :reference-axis x   :mass mfhc

     :cm-coordinates (-mtr 0 0)   :inertia-matrix (0 0 izfhc))

(add-body flhc
:name "front left hub carrier"

     :parent u
 :joint-coordinates ("a+mtr" -wf -radfwhl)   :body-rotation-axes z

     :parent-rotation-axis z   :reference-axis x   :mass mfhc

     :cm-coordinates (-mtr 0 0)   :inertia-matrix (0 0 izfhc))

(add-body frwhl
 :name "front right wheel"   :parent frhc

      :cm-coordinates (-mtr 0 0)   :mass mfwhl   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z

      :inertia-matrix (ixfwhl iyfwhl izfwhl))

(add-body flwhl
 :name "front left wheel"   :parent flhc

      :cm-coordinates (-mtr 0 0)   :mass mfwhl   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z

      :inertia-matrix (ixfwhl iyfwhl izfwhl))

(add-body rrwhl  :name "rear right wheel"   :parent u

      :mass 0   :inertia-matrix (0 iyrwhl 0)   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z   :joint-coordinates (-b wr -radrwhl)) 

(add-body rlwhl  :name "rear left wheel"   :parent u

      :mass 0   :inertia-matrix (0 iyrwhl 0)   :body-rotation-axes y

      :parent-rotation-axis y   :reference-axis z   :joint-coordinates (-b -wr -radrwhl))

(add-point frcpc   :body frhc   :coordinates (-mtr 0 radfwhl)

      :name "front right contact point for camber")

(add-point flcpc   :body flhc   :coordinates (-mtr 0 radfwhl)

      :name "front left contact point for camber")

(add-point frcps   :body frhc   :coordinates ("-mtr-ptr" 0 radfwhl)

      :name "front right contact point for sideslip")

(add-point flcps   :body flhc   :coordinates ("-mtr-ptr" 0 radfwhl)

      :name "front left contact point for sideslip")

(add-point rrcpc   :body u   :coordinates (-b wr 0)

      :name "rear right contact point for camber")

(add-point rlcpc   :body u   :coordinates (-b -wr 0)

      :name "rear left contact point for camber")

(add-point rrcps   :body u   :coordinates ("-ptr-b" wr 0)

      :name "rear right contact point for sideslip")

(add-point rlcps   :body u   :coordinates ("-ptr-b" -wr 0)

      :name "rear left contact point for sideslip")

(add-body s   :parent u   :name "sprung mass"   :mass ms

      :inertia-matrix ((isx 0 isxz)(0 0 0)(isxz 0 isz))   :joint-coordinates (0 0 -@hra)

      :body-rotation-axes x   :parent-rotation-axis x
:reference-axis y

      :cm-coordinates (0 0 "@hra-h"))

; add kinematic restraints

; rolling tyres

(add-speed-constraint "dot(vel(frhc0),[frhcx])+ru(frwhl)*radfwhl"   :u "ru(frwhl)")

(add-speed-constraint "dot(vel(flhc0),[flhcx])+ru(flwhl)*radfwhl"   :u "ru(flwhl)")

(add-speed-constraint "dot(vel(rrcpc),[ux])+ru(rrwhl)*radrwhl"   :u "ru(rrwhl)")

(add-speed-constraint "dot(vel(rlcpc),[ux])+ru(rlwhl)*radrwhl"   :u "ru(rlwhl)")

; rigid link between wheels in steer

(add-speed-constraint "ru(flhc)-ru(frhc)"   :u "ru(flhc)")

; add suspension roll moment

(add-moment rollm   :name "roll moment from suspension"

      :direction [sx]
:magnitude "-kphi*rq(s)-cphi*ru(s)"

      :body1 s
 :body2 u)

; define input

(add-variables dyvars real strin dstrin)

(set-derivs strin dstrin)

(install-table omega "steer input freq.change" :2d nil :npts 30 :ntabs 1 :ninst 1

           :table-function tabf :values ((0 0) (0.5 0) (5.5 40) (5.501 0) (6.5 0)))

(add-equation difeqn strin "amp*sin(omega(t,1,1)*t)")

; define variables for relative displacement and speed rotation between steering column ends

(setsym colwind "strin-stgr*rq(frhc)"


colrate "dstrin-stgr*ru(frhc)")

(add-moment sthctq   :name "steering torque at hub carrier"

      :direction [uz]
:magnitude "stgr*(kstcol*@colwind+cstcol*@colrate)"

      :body1 frhc   :body2 s)

; set slip angles and camber angles

(setsym alphafr "dot([frhcy], vel(frcpc))/dot([frhcx], vel(frcpc))-dsfdphi*rq(s)")

(setsym alphafl "dot([flhcy], vel(flcpc))/dot([flhcx], vel(flcpc))-dsfdphi*rq(s)")

(setsym alpharr "dot([uy], vel(rrcpc))/vu-dsrdphi*rq(s)")

(setsym alpharl "dot([uy], vel(rlcpc))/vu-dsrdphi*rq(s)")

(setsym gamf "dcfdphi*rq(s)")

(setsym gamr "dcrdphi*rq(s)")

; add lateral tyre forces.

; tyres are still considered to have a constant cornering stiffness

; introduce tyre relaxation

;front

(add-state-variable frfys1 frfys1_dot F)

(set-aux-state-deriv frfys1_dot "z(mag(vel(frcps))/sigma)*(-caf*@alphafr-frfys1)")

(add-line-force frfys   :direction [frhcy]   :name "front right tyre force from slip"

      :point1 frcps   :point2 n0   :magnitude frfys1)

(add-state-variable flfys1 flfys1_dot F)

(set-aux-state-deriv flfys1_dot "z(mag(vel(flcps))/sigma)*(-caf*@alphafl-flfys1)")

(add-line-force flfys   :direction [flhcy]   :name "front left tyre force from slip"

      :point1 flcps   :point2 n0   :magnitude flfys1)

(add-state-variable frfyc1 frfyc1_dot F)

(set-aux-state-deriv frfyc1_dot "z(mag(vel(frcpc))/sigma)*(cgf*@gamf-frfyc1)")

(add-line-force frfyc   :direction  [frhcy]   :name "front right tyre side force from camber"

      :point1 frcpc   :point2 n0   :magnitude frfyc1)

(add-state-variable flfyc1 flfyc1_dot F)

(set-aux-state-deriv flfyc1_dot "z(mag(vel(flcpc))/sigma)*(cgf*@gamf-flfyc1)")

(add-line-force flfyc   :direction  [flhcy]   :name "front left tyre side force from camber"

      :point1 flcpc   :point2 n0   :magnitude flfyc1)

;rear

(add-state-variable rrfys1 rrfys1_dot F)

(set-aux-state-deriv rrfys1_dot "z(mag(vel(rrcps))/sigma)*(-car*@alpharr-rrfys1)")

(add-line-force rrfys   :direction [uy]
:name "rear right tyre side force from slip"

      :point1 rrcps   :point2 n0   :magnitude rrfys1)

(add-state-variable rlfys1 rlfys1_dot F)

(set-aux-state-deriv rlfys1_dot "z(mag(vel(rlcps))/sigma)*(-car*@alpharl-rlfys1)")

(add-line-force rlfys   :direction [uy]
:name "rear left tyre side force from slip"

      :point1 rlcps   :point2 n0   :magnitude rlfys1)

(add-state-variable rrfyc1 rrfyc1_dot F)

(set-aux-state-deriv rrfyc1_dot "z(mag(vel(rrcpc))/sigma)*(cgr*@gamr-rrfyc1)")

(add-line-force rrfyc   :direction [uy]
:name "rear right tyre side force from camber"

      :point1 rrcpc   :point2 n0   :magnitude rrfyc1)

(add-state-variable rlfyc1 rlfyc1_dot F)

(set-aux-state-deriv rlfyc1_dot "z(mag(vel(rlcpc))/sigma)*(cgr*@gamr-rlfyc1)")

(add-line-force rlfyc   :direction [uy]
:name "rear left tyre side force from camber"

      :point1 rlcpc   :point2 n0   :magnitude rlfyc1)

; define output variables and provide labelling information

(add-out "strin" "steer")

(add-out "dstrin" "dstin")

(add-out "@colwind" "colwind")

(add-out "@colrate" "colrate")

(add-out "vu" "vu")

(add-out "dot([uy], dxdt(vel(scm)))" "latacc"

   :long-name "Lateral Acceleration"   :body s   :units "L/t**2")

(add-out "dot([uy],vel(scm))" "latvel"   :long-name "lateral velocity"

   :body s   :units "L/t")

(add-out "ru(u)" "yawrat"   :long-name "Yaw Rate"   :body u   :units "a/t")

(add-out "rq(s)" "rollang"   :long-name "roll angle"   :body s   :units a)

(add-out "ru(s)" "rollrat"   :long-name "roll rate"   :body s   :units "a/t")

(add-out "rq(frhc)"  "steerang"   :long-name "front steer angle"   :body frhc   :units a)

;(add-coordinates-to-output)

;(add-speeds-to-output)

;(add-out @alphaf "alpha f"   :long-name "Front slip angle"

;   :body u   :units a   :gen-name "Slip Angle")

;(add-out @alphar "alpha r"   :long-name "Rear slip angle"

;   :body u   :units a   :gen-name "Slip Angle")

; (add-forces-to-output)

; (add-moments-to-output)

(add-standard-output)

;(linear :u (strin))

(dynamics)

(finish)

; set units, defaults, and names of parameters

(set-units caf "f/a" car "f/a" kphi "f*l/a" cgf "f/a" cgr "f/a"

      kstcol "f*l/a" cstcol "f*l*t/a" cphi "f*l*t/a" cr "f*t/l" vu "l/t")

(set-defaults caf 30082 car 29332 cgf 3127 cgr 2800 radfwhl 0.3 radrwhl 0.3

      dyfpdz -0.0238 dyrpdz -0.0893 mtr 0.015 izfhc 0.1 ms 860.0 mu 80.0

      ptr 0.0357 h 0.4511 a 1.291 b 1.409 cphi 1431 ixfwhl 1.3 iyfwhl 0.653

      izfwhl 1.3 iyrwhl 0.653 isx 290 isxz 0 isz 2000 iuz 20 kphi 35743 kstcol 6475 cstcol 200

      mfhc 10 mfwhl 30 dsfdphi 0.04 dsrdphi -0.095

      dcfdphi 0.8 dcrdphi 0.9 stgr 16 vu 25

      wf 0.72 wr 0.72 step .025 iprint 2 stopt 4 sigma 0.4 amp 1.07)

; define parameters descriptive of a particular vehicle

(set-names

      a "sprung mass c. g. to front axle distance"

      b "sprung mass c. g. to rear axle distance"

      caf "front cornering stiffness, one tyre"

      car "rear cornering stiffness, one tyre"

      cgf "front camber stiffness, one tyre"

      cgr "rear camber stiffness, one tyre"

      cphi "total roll damping coefficient"

      cstcol "steering column damping coefficient"

      dcfdphi "ratio of road wheel camber change to body roll angle"

      dcrdphi "ratio of road wheel camber change to body roll angle"

      dsfdphi "ratio of front road wheel steer angle to body roll angle"

      dsrdphi "ratio of rear road wheel steer angle to body roll angle"

      dyfpdz "front suspension y/z derivative"

      dyrpdz "rear suspension y/z derivative"

      h "height of sprung mass c.g. above the ground"

      iuz "unsprung mass yaw inertia"

      isx "sprung mass roll inertia"

      isz "sprung mass yaw inertia"

      isxz "sprung mass product of inertia"

      izfhc "steer inertia of one front hub carrier"

      ixfwhl "camber inertia of one front wheel"

      iyfwhl "spin inertia of one front wheel"

      izfwhl "steer inertia of one front wheel"

      iyrwhl "spin inertia of one rear wheel"

      kphi "front and rear total roll stifness"

      kstcol "steering column stiffness"

      mfhc "mass of one front hub carrier"

      mfwhl "mass of one front wheel"

      ms "sprung mass"

      mu "unsprung mass, accounting for rear axle only"

      mtr "mechanical trail distance"

      ptr "pneumatic trail distance"

      radfwhl "front wheel radius"

      radrwhl "rear wheel radius"

      stgr "steering gear ratio"

      vu "forward speed"

      wf "front half track dimension"
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