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Abstract : This paper represents a reference governor-based, car-following model for an autonomous driving system
verification scenario. A reference governor(RG) is an add-on control scheme that enforces state and control constraints on
stabilized systems by modifying the reference whenever the constraints are violated. Unlike existing controllers that do not
handle states and input constraints, the proposed method handles constraints by using a maximal invariant that is set to
consider actuator limits, ride quality, and vehicle safety with low computational effort. The proposed method was validated
with simulation under various driving scenarios, such as acceleration, deceleration, and driving cycles. The RG-based,
car-following model showed efficient computational performance while satisfying the defined constraints, and was able to
simulate actual traffic flow.

Key words : Autonomous driving system(A-& -3 A]2~5)), Adaptive cruise control(4-5-& =3 #|<}), Car-following
model(XF&F =& =.dl), Reference governor(7]= 9= 2% 7]), Model predictive control(X-2 o] Z4]©]), Robust
maximal invariant set(7J 71 Z o & 3

Nomenclature ADS  :autonomous driving system
K, - system gain ACC :adaptive cruise control
7, - time constant LQT :linear quadratic tracker
- - time headway RG  :reference governor
y - vehicle velocity MPC : model predictive control
a : acceleration
u : control input 1. M2
0., : robust maximal invariant set 24853 A] 2~ ¥l(Autonomous Driving System, ADS)
2ok 222} %9 Al 2~El(Advanced Driver Assistant
Subscripts System, ADAS)& 2 212] 10|47} obdd & shs)
ADAS : advanced driver assistance system 7] Y3 7 =2 HZ w2 A AAAslal 9= Holko|t) Y
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AHEFo A4 Vo RE THE Alo] A=HQ
ACC(Adaptive Cruise Control), AEB(Autonomous Emergency
Brake)7} 9lo™, gk Ao A]2~El 0 2= LCS(Lane
Change System), LKA(Lane Keeping Assistance) 5©] 1
o}l Al =B b I B A sHA] Aol o] 3lo]
g AU L& Fall Asol aHn

ADAS, ADS®] 5 918 Alve] @ A7 Wetew
T J7RETVI EHAE W EY A T okejxd A
W] @ 7Iuh wiE AlE o] Zlnke] iR Eol de| &
212 ATk i o F9 41AE7EE 5 213 (The
European New Car Assessment Program, Euro NCAP)3}
=1 A)| 3557 ] TH(International Organization for Standardization,
ISO)oll A= ADS, ADAS 75 918 %5 H7| Alvke]
Q= AT ARFe] P FUE B Al 2E
= A= HollA Al =4 o] abel= EAEHARE,
Alz=Hlo] kS| sl HAghe] VES AlAl s A
oNA AT o 7 Aluhe] Q5= B2 A AlEANE
o] A& Fal HEE A Alve o & Ale s ARE o
Gt Aol vz vl e w o] & sl e 3

S48 43go] ohd, B TBAQ) Aol A HES
Sshe WHoRt WE MBI HS o] gaks
Wol it W AlEelolHe Bt AEA A A
A WEFE ANHOE FHFHE WHom Ao
= ADS, ADASS] A 5& 913) 1 BEES Fol 7 9l0
o, A FERDS o] §lo] WEEFE wANITE
TAQl 2k =%

EHE 2= Pipe, Gazis, Newell, Tyler,
JOES 7} ek % R AEL A
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Fig. 1 Reference governor applied to closed-loop system
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Fig. 2 Scheme of adaptive cruise control(ACC)
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Av = v, —vp 4
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LTI(Linear Time Invariant) €] &7+ Y202 2 (5)
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JtEro] AL Zxzk AAo] Q FH T} o] = 98] A3
DCF(Driver car-following) X2l ]3] A 2] x|} &=
QS o] &3 PD Alo]7] 9] FE= A (7)) o] H3E
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invariant set-<

Ad,;, < Ad < Ad,,,,

AVpin < AV < AV

af min < as < af max (8)
afdes,min = af,des = afdes,max

Aafdes,max

Aafdes,min = Aaf,des =

2.3 LQT A|o{7| 44

LQT 24 Alol7)e] F2el A2 ui= A (622 A
AV A aRee A BEL At e
o Q18 @ FEAE 7217 Q Rolek S o,

o]xkA|ZFol] ¥ ARE(Algebraic riccati equation)i= 2
9= X3 ¥ a1, =1 o] 5(Feedback gain)d} T =¥ ¢
= o] 5 (Feedforward gain)<- Riccati equati0n9] 3|l p2
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ALPA,—P—N"+Q =0
N* = (ALPB,)(BLPB, +R) "(BIPA,)
Ky = (BIPBy +R) 'BIPA, ©
K, = (BYPBs +R) 'BIM*
= [I - (4q — BaK)T1CIQ

u(k) = —Kgx(k) + K,r(k) (10)
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3. Reference Governor

3.1 Invariant Set Theory

2 ol A= RGE AAISH=Hl 91°] AF-%]:= Robust
maximal invariant setol] the+r 2 7}#] F2E A7)
4, A, B, EZ 73 B A A (A (1) 9] Aok
A& xoF wE 31243k Robust backward reachable set->
Definition 13} #-o] A o] #t}2?

x(k + 1) = Ax(k) + Bu(k) + Ew(k)
st X :Hex < hy, wk) €W c RY an

Robust backward reachable set2 ©]-83}%] Robust
maximal invariant set= 7-8H= 4 Algorithm 13} 2¢
©m 2 Fig, 32 SetE T8l A S =23} 3 A9s
Rt #HF 24 2= 731X Robust maximal invariant
set(Ox) ol 21X AEHTES Q=0 73
A7 48 ue 3 EAISHA €k

Definition 1 (Robust Backward Reachable (Pre) Set)

2 anag Ze A]x=wle] gk Robust backward
reachable set= HRAMEZ A/NE = 7cx 2 o} 2

o] o]y,

Pre(T) ={x € R™:3u € Us.t.
Ax+Bu+EweT,Vw e W}

Algorithm 1. Robust maximal invariant set

1: Input: admissible set x, system dynamic (11), polytope
constraint Hy, 4,, disturbance polytope ¥, and k =0;

: Output: Robust maximal invariant set O,

. Let Qp=x

Repeat

k=k+1

Let Qu1 = Pre(R) N Q%

o If Qi = Q4 Then

O = Q41

: break

10: return O,

11: until Q4 = Q4

R AN I

3.2 Vector Reference Governor

RG+= Closed-loop system2] Hloll 9] x]&}od A|fz=7
S WSS ReferenceS 7HH3F= FA| 2 A3 A
22BNk ol g} H] A 3 Al 2 Ele T A 8w o g} )
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(Vector reference governor)i= Reference”} 3}4<1 A] 2~ ¥l
o]l Ab-&-%] = SRG(Scalar reference governor)2] THd S X
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Fig. 3 Robust backward reachable set for multiple steps
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