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ABSTRACT

In chapter 1, we consider effect of measurement noise of DOB based control system
with saturating actuators. Augmenting feedback control systems with disturbance ob-
server (DOB) is a widely used technique in system design to compensate for the effect
of exogenous disturbances as well as plant model uncertainties. In practice, DOB imple-
mentation has to take actuator saturation into account in order to avoid poor transient
response or instability occurring due to saturating control input. In such systems, we
have observed that a tracking loss may occur due to zero mean measurement noise. This
phenomenon has never been reported in DOB literature. This paper reports the phe-
nomenon, analyzes the conditions under which the tracking loss occurs, and also presents
design guideline to avoid it based on the analysis. Experimental verification is also pro-
vided using a BLDC motor drive testbed.

In chapter 2, we consider heavy-duty vehicle platooning. Heavy-duty vehicle platooning
has received much attention as method to reduce fuel consumption by keeping the distance
between vehicles short enough to decrease aerodynamic drag. Major disturbances in the
platooning are the slope in the road and uncertain mass of the vehicle. Existing method
to reduce the effect of slope is to combine the vehicle position obtained from GPS and the
slope database to calculate the amount of feed-forward type compensation. However, slope
database is costly to acquire, and GPS signal is unreliable in some locations. We present
vehicle controller based on disturbance observer (DOB) to compensate the effect of slope
and mass without relying on the GPS and the slope database. Actual measurement of the

road slope taken in highways of Sweden is used and simulation is conducted.

Key words :Disturbance Observer, Noise Induced Tracking Error, BLDC mo-
tor testbed, Heavy-duty vehicle, and Platooning.
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Effect of Measurement Noise

1.1 Introduction

1.1.1 Motivation

In control systems design, it is highly desired to achieve control performance robust against
model uncertainties and external disturbances. Various robust control tools such as sliding
mode control, backstepping control, L; adaptive control, H,, control, and so on, were
introduced for this purpose. In particular, disturbance observer (DOB), which was first
proposed in [1], has been widely used as a simple and powerful robust control tool. A large
number of industry engineers and academic researchers have utilized DOB in application
fields such as motion control [2-5], magnetic disk drive control [6], quadrotor control [7,8],
electric bicycle control [9], automotive control [10,11], BTT missile control [12], etc.

It should be noted that the performance of the control system with DOB may degrade
when control input is constrained. Specifically, control systems with actuator saturation
and DOB suffer from a poor transient and even instability if the saturation is not prop-
erly taken into account in the design. This is very similar to well-known integral controller
windup phenomenon [13,14] occurring due to saturating actuator in PI controlled systems.
The poor transient response or instability is recognized in [15,16] and a modified DOB
structure that can mitigate the undesired behavior was proposed and studied. Therefore,
augmentation of DOB for systems with saturating actuators shall take the constrained
control into account following the suggested method of [15,16]. We refer to this implemen-
tation as anti-windup restrained control of DOB (AWRC DOB) for convenience. Indeed,
application of AWRC DOB was founded in [17,18].
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As it turns out, an unexpected behavior is observed in systems with AWRC DOB that
no existing literature provides explanation. Specifically, zero mean measurement noise
renders the system lose tracking: the mean of the output of the system shows constant
tracking error only when measurement noise is present, although the measurement noise
has zero mean. This phenomenon is similar to Noise Induced Tracking Error (NITE)
reported in [19-21] for PI controlled systems with anti-windup. Since the two phenomena
are closely related, we use the term NITE in the remainder of the paper to refer to noise
induced tracking loss in systems with AWRC DOB.

In this paper, we analyze control systems with AWRC DOB to derive conditions
under which the tracking loss occurs, and also quantify the tracking error with respect to
system parameters and noise characteristics. The analysis is based on stochastic averaging
theory developed in [22]. Main contribution of this work are as follows: 1) we provide the
conditions under which NITE occurs and quantify tracking error and 2) based on the

analysis, we propose controller design guidelines that can eliminate or reduce NITE in

systems with AWRC DOB.

1.1.2 Chapter Outline

The outline of this paper is as follows: In Section 1.2, we show NITE Phenomenon in
Control Systems with AWRC DOB. In Section 1.3, the control system with AWRC DOB
is analyzed via stochastic averaging theory and main results are presented. Also, NITE
example mentioned in section 1.3 is analyzed in detail. In Section 1.4, design guidelines
to eliminate or reduce NITE are proposed. In Section 1.5, BLDC motor experiments are
conducted to validate the efficacy of the proposed design guidelines. Finally, Conclusions

are formulated in Section 1.6. All proofs are included in Appendix.
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1.2 NITE Phenomenon in Control Systems with AWRC DOB

Consider a single input single output control system with AWRC DOB shown in Fig. 1.1.
The transfer function P(s), C(s), P.(s), Q(s) are plant, outer-loop controller, nominal
plant, and low-pass filter (Q-filter) in DOB design, respectively. Signals r, e, u., u, v,
d, y, n, dest, 21, 22 are, respectively, reference, tracking error, controller output, control
signal, saturated control input, exogenous disturbance, system output, measurement noise,
estimated disturbance, and signals associated with DOB. The measurement noise n has a
zero mean Gaussian distribution with standard deviation of ,,. The saturating actuator

is denoted by sat?(u) with o and 8 being the lower and upper limits:

a, u<a«
sat’ (u) ={ u, a<u<p (1.1)
B, u>p

S

<O

Figure 1.1: Block diagram of control systems with AWRC DOB.

For the design of DOB, P,(s) is selected to have the same relative degree as that of
P(s), and Q(s) is selected so that Q(s)P;!(s) is a proper transfer function. For details of
DOB design, see [16,24-27,38] and references there in.

We assume that the system of Fig. 1.1 is stable with large enough domain of attraction.
Also, we assume that the reference r and the exogenous disturbance d are constants and

satisfy

a < lim C(S)

M e®Pe) + Pere) TP (1.2)

which implies that the steady state input wus, satisfies & < ugs < 3. The derivation of (1.2)
is provided in the Appendix.




1.2. NITE Phenomenon in Control Systems with AWRC DOB

Now, consider the system of Fig. 1.1 with

2 1 1
s(s+3)’ Fals) = s(s+4)’ s) = (0.1s + 1)’ (1.3)

C(s)=4, a=-1, p=1,r=1,d=04.

P(s) =

The response of the system of Fig. 1.1 with (1.3) and n = 0 is obtained from MAT-
LAB/SIMULINK simulations, and shown in Fig. 1.2 (a). As expected, the system output

asymptotically tracks the reference. Now the output response from simulating the dynam-

ics of Fig. 1.1 with (1.3) and zero mean noise n with the standard deviation of o, = 0.04

is shown in Fig. 1.2 (b). Clearly, zero mean measurement noise induced tracking loss. The

output does not track the reference anymore and shows significant bias. This phenomenon
is referred to as NITE.

Analysis of NITE in feedback control systems with AWRC DOB will be carried out in

subsequent section.

2
[}
<
=
OF- Ry
=4 [ r(t)
< —— y(t) without noise
0 ‘ ‘
0 50 100 150
Time(s)
2
<
Ve
SRR
1 N b r(t)
< I . .
—— y(t) with noise
0 Il Il
0 50 100 150
Time(s)

Figure 1.2: Step responses of control systems with AWRC DOB.
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1.3 Analysis

1.3.1 Stochastic Averaging Theory

The analysis is based on the stochastic averaging theory [22]. A brief review is presented

here. Consider the system

&= fx,ne(t)) (1.4)

where z € R¥, f : RFxR — R* and n,(t) is zero mean WSS random process with standard
deviation of ¢,, and bandwidth of w,,. The subscript € is intended to parameterize the noise
in such a manner that € — 0 as w, — oo. Then, for e sufficiently small, the solution z(t)

of (1.4) is well approximated by the solution of the averaged equation

i= (@) (15)

where z € R¥, f : R¥ — R¥ and f is the conditional expected value of f with respect to
the distribution of n.(t), i.e.,

f(@) = En[f (@, ne(1))] (1.6)

Since the bandwidth of the measurement noise is typically much larger than that of the
closed-loop system, the behavior of (1.4) can be studied using the averaged system of
(1.5).

The averaged system of Fig. 1.1 with respect to the noise process is shown in Fig. 1.3.
The details of applying the stochastic averaging are included in [19-21]. For the system
of Fig. 1.3, all signals are denoted by the same symbols as in Fig. 1.1, but with a bar to
denote that they are the results of averaging. Notice that the measurement noise n does
not appear in the system of Fig. 1.3, and the effect of n is averaged into the function
h?(u; k) that replaces the saturating actuator sat?(u) in the original system.

The function hf(u; k) is defined as

hg(ﬂ;/{):a+ﬂ+ﬂ_aerf<a_a> —ﬂ_ﬂerf<ﬂ_ﬂ>

(1.7)




6 1.3. Analysis

where the error function erf(¢) and the parameter k are, respectively, defined as

erf(§) = % /j exp(—t?) dt,
k= (Cx + Wx)o,.

(1.8)

For the sake of convenience, we define Q(s) P, !(s) as W (s). The parameters C,, and W,

are defined as

Cw = lim C(s),
Wo = lim Q(s)P; (s).

The derivation of hZ(u; k) is provided in the Appendix. The properties of hZ(u;r) are
checked in the Fig. 1.4.

d
05 ) OS] 1) O] Pls) 7
dest Q(s)
-1z
5 W(s)

Figure 1.3: Averaged version of the feedback system of Fig. 1.1.

We now illustrate the accuracy of the averaging approach. Responses of the system in
Fig. 1.3 obtained from simulations are shown in Fig. 1.5 (a). For comparison, in Fig. 1.5
(b) we show again the response of the system in Fig. 1.1 with measurement noise. The
two responses are almost identical, which validates the approach of the analysis.




Figure 1.4: The function sat?,(u) and h%,(u; k) for several values of k.

N

)

~

(

a
Amplitude
=
i
i

1
il | e r(t)
: — ()
0 ‘ ‘
0 50 100 150
Time(s)
2
<
N Ae
S41h
R T R [ r(t)
< | —— y(t) with noise
0 Il Il
0 50 100 150
Time(s)

Figure 1.5: Step responses of the averaged and original control systems.



8 1.3. Analysis

1.3.2 NITE Analysis

By analyzing the tracking error of the system of Fig. 1.3, we can quantify NITE with

respect to system parameters.

Theorem 1. Assume that the outer-loop controller C'(s) does not include integral term,
Co+ Wy # 0, the plant P(s) does not have a pole at the origin, and the averaged version
of the feedback system of Fig. 1.3 has an asymptotically stable equilibrium. The steady

state error e,, is defined as

Uss — W2 (Ugs; k) + Wor

Cos = 1.10
Co + Wo ( )

and steady state input us, is the solution of
l_LSS = C()T + (1 — COPO — W()P())hg(’l_tss; /{) — (C()P() + WOPO)d (111)

where Py, Cy, Wy are, respectively, the dc-gain of P(s), the dc-gain of C(s), and the
dc-gain of W (s).
Proof: See the Appendix.

The interpretations of Theorem 1 are as follows:

(1-1) Only, the level of NITE is determined by system parameters such as reference, ex-
ogenous disturbance, size of k, de-gain of P(s), de-gain of C(s), and dc-gain of

W {(s).

(1-2) Let us assume that reference, de-gain of C(s), dc-gain of P,(s) are fixed. As the gap
between sat? (i) and hf(u; k) at a steady state input is large, the level of NITE is

gradually high, i.e., e, increases as g5 — hg(ﬂ; K) increases.

(1-3) In the case of the control system without measurement noise, |t — b2 (i; x)| must
be zero. Thus, (1.10) is converted to

_ Wor T

58 — — 1.12
‘ Co+ Wy 1+ CoPyo ( )

where P, is the de-gain of P,(s). (1.12) is a well-known mathematical formula [28]
to obtain the steady state error of the unity feedback system of Fig. 1.6. This is a
natural result because DOB perfectly compensates unknown disturbance and makes

the real plant behave like the nominal plant in steady state.
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r éS S gSS

Figure 1.6: Block diagram of Fig.1.3 in the steady state.

Corollary 1. Assume that the outer-loop controller C'(s) does not include integral term
and the plant P(s) has a pole at the origin, the averaged version of the feedback system
of Fig. 1.3 has an asymptotically stable equilibrium. For Cy 4+ W, # 0, the steady state
error ey is defined as

_ Uss + d + Wor
Cgg = ——————— 1.13
C() + W() ( )
and steady state input ug is the solution of
hE (tigs; k) = —d (1.14)

where Cy, W) are, respectively, the de-gain of C(s) and the de-gain of W(s).
Proof: See the Appendix.

The interpretations of Corollary 1 are as follows:

(2-1) As negative disturbance —d approaches to upper limit 5~, steady state error eg; is
close to positive infinite, i.e., lim_4_,5- €5, = +00. In the case of —d = 7, when
steady state input u,s is positive infinite, negative disturbance —d meets with func-
tion hg(ﬂss; K), i.e., €55 — +00 as Ugs — +00. In a similar way, as negative distur-
bance —d approaches to the lower limit o™, steady state error e, is close to the
negative infinite, i.e., lim_,4 ,,+ €, = —00. In the case of —d = a™, when steady
state input is negative infinite, negative disturbance —d meets with h-function, i.e.,
€ss —> —00 as Ugs — —00. In other words, this means that if there exists measure-
ment noise in the feedback system of Fig. 1.1 and negative disturbance —d is placed

on either lower limit o™ or upper limit 5, the stability of the system can be broken.

(2-2) As negative disturbance —d approaches to the middle point between the upper limit
and the lower limit, the steady state error is increasingly close to (1.12). i.e.,

. _ W()T‘
lim €ss =

—— 1.15
—d—(a+p)/2 Co+ W (1.15)
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If nominal plant has a pole at the origin (W, = 0), steady state error e, is always
zero, i.e., €55 — 0 as Uy — (a + 3)/2. This is related with properties of k2 (u; ) [19].

Theorem 2. In the case that outer-loop controller C(s) includes integral term, the steady
state error ez of the feedback system of Fig. 1.3 is always zero.

Proof: See the Appendix.

Again, consider NITE example mentioned in Section 2. Fig. 1.7 shows plot of h',(u;4.16)
and sat!  (u) over inputs u. Refer to Corollary 1. Negative disturbance —d meets with
h',(w;4.16) at the point of u,, = —2.2025. Consequently, steady state error is determined
as egs = —0.4506. Fig. 1.8 represents steady state errors over exogenous disturbances and

we can understand interpretation of Corollary 1 more deeply.

1+ ——hl(5;4.16)
—sat! | (1)

0.5}

(-2.2025, -0.4)

1
[6)]
o+
6]

|

Figure 1.7: Plot of h',(u;4.16) and sat! ().




(0.4, -0.4506) |

Figure

1.8: Steady state errors over several disturbances.
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1.4. NITE Mitigation Method

1.4 NITE Mitigation Method

Worthwhile design techniques that can reduce NITE are as follows:

M1:

M2:

Include integral control in C'(s).
By Theorem 2, this makes the tracking error be zero in the steady state. However,
this has a drawback in that poor transient performance caused by an unwanted pole

addition at zero may be inevitable. See Fig. 1.9.

Increase relative degree of Q(s).
Assume that transfer functions P, (s) and Q(s) are defined as follows:

Py(s) = bpsP + by + -+ bis + by
" ags? + ag_1897 1+ -+ a1s + agp
Qls) = di(Ts)* + di_1 (T8)* 1+ 4+ di(78) + ¢
(78) 4+ cia(rs) L4+ +c1(1s) + ¢

(1.16)

where parameters p, ¢, k, [ are positive numbers with ¢ > p and [ > k and parameter
7 is a positive constant, which determines cutoff frequency of lowpass filter Q(s). By
using (1.9) and (1.16), parameter W, is defined as

(1.17)

Wo — (aqdkail)/bpa k+q=1+p
> 0, k+qg<l+p

In the case that C(s) should not include any integral term due to transient per-
formance problem, we recommend taking x are small as possible. This is because
h2(u; k) is gradually similar to sat? (i) as & decreases into zero. Here, W, should
be modulated rather than Cy, in that C is directly related to system performance.
If there is nothing wrong with implementation of DOB, we recommend relative de-
gree of QQ(s) is bigger than that of P,(s). This is because Wy, is changed into 0.
Although this method can not eliminate NITE phenomenon because C4, is not zero,
this method is quite useful in that transient performance can be somehow guaranteed
and NITE is decreased. See Fig. 1.10.




=
o
T

Amplitude
[EEN

m—
0.5 ——(t) without noise|.
—y(t)
---y(t)
o U ‘ !
0 50 100 150
Time(s)

Figure 1.9: Application of the proposed design method (1) to NITE example.

2
15¢
<
=
2 1
= 1
< | —
0.5 —y(t) without noise|/
—y(t)
---y(t)
o= . 1
0 50 100 150
Time(s)

Figure 1.10: Application of the proposed design method (2) to NITE example.
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1.5 DC Motor Experimental Results

We use brushless DC (BLDC) motor drive testbed to validate the effectiveness of the pro-
posed controller design techniques. Fig.1.11 shows BLDC motor system. The experiment
environment is comprised of a DSP evaluation board and a 26.2W, eight-pole BLDC mo-
tor drive. The DSP evaluation board is fitted with a Texas Instruments TMS320F28335
floating-point DSP and a 50W three phase full-bridge inverter. A built-in-Hall-effect sen-
sor measures the speed of BLDC motor with sampling rate of 30kHz. Controllers are

discretized using the Tustin approximation.

Figure 1.11: Blushless DC motor drive testbed.

The control objective is to regulate the rotative velocity of BLDC motor under the
autonomously generated sensor noise and the exogenous disturbances. The speed reference
of BLDC motor is set to 2000rpm. Transfer function P,(s) and Q(s) are chosen as

298 1
= 0.015(0.03s + 1) PV Q) = s 192

P (s) (1.18)

The outer-loop controller is properly chosen as C'(s) = 0.0006[V /rpm]. In order to protect
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the BLDC motor, the permissible range of input voltage is set as follows.

0, u(t) <0
satd O (u(t)) = < wu(t), 0<u(t) <9.6 (1.19)
9.6, u(t) > 9.6

In order to observe the variation of NITE, after 5 seconds, the exogenous disturbance
is induced into the motor input. Before 5 seconds, the exogenous disturbance is set to
zero. Consider Fig. 1.12 and Fig. 1.13. All of subplot in the figures show the rotative
velocity of BLDC motor. The first subplot of each figure shows that the motor speed does
not track the reference due to NITE phenomenon. In the first subplot of each figure, we
can check that NITE is increased after 5 seconds. This is because exogenous disturbance
causes movement of operating point (steady state input uss). As the operating point
approaches to the nearby region of saturation limit, the gap between saturating actuator
and h-function increasingly increases. It means that NITE increases. In the second subplot
in Fig. 1.12, controller design technique (1) is applied to the motor control system. We
change C(s) = 0.0006 into C'(s) = 0.0005(s + 4)/s. As we mention in Section 6, by
Collorary 1, NITE phenomenon is not appeared. In the second subplot in Fig. 1.13,
new controller design technique (2) is applied to the motor control system. We change
Q(s) =1/(0.003s+1)? into Q(s) = 1/(0.003s+1)3. NITE phenomenon is not disappeared
completely. However, NITE is surely decreased. Through experimental results, we can
assure that proposed design techniques to reduce NITE are quite useful.

1.6 Conclusions

Disturbance observer (DOB) has been widely utilized in many industries. However, control
systems with actuator saturation and DOB may suffer from a poor transient and even
instability if the saturation is not properly taken into account in the design. For this reason,
AWRC DOB was proposed in [15,16]. The AWRC DOB extends range of usage of DOB.
However, while we use it, we observed the interesting phenomenon where the step response
of the control system has a specific tracking error under the existence of measurement
noise. we denominated such phenomenon as NITE phenomenon in AWRC DOB control
system. In this paper, based on stochastic theory, we defined the mathematical formula
that can numerically quantify the tracking error in the steady state and analyzed it. Also,
we introduced the controller design techniques that can effectively eliminate or reduce
NITE. Finally, we verified the usefulness of the proposed techniques using BLDC motor.
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Figure 1.13: The application of controller design technique (2)
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1.7 Appendix

Derivation of (1.2)
Consider Fig. 1.1. Assuming n = 0 and v = u, input u is obtained as
C(s)
T I- QM+ CP() + Q)P (9)P(s)
C(s)P(s) + Q(s) Py ' (s) P(s)
1-Q(s) + Q(s) P, (s)P(s)

By using (1.20) and Qo = 1 (For DOB design, dc-gain of ()(s) should be one), steady

state input wu, is represented as

(1.20)

C(s)P(s) +

Ugs = lim c(s)
T 50 C(s)P(s) 4+ P (s)P(s)

r—d (1.21)
(1.17) and (1.21) make (1.2).

Derivation of (1.7)

A state space realization of the feedback system in Fig. 1.1 is derived as

iy = Apry + Byp(v + d),

Yy = Cpxpa
Te = Acte + Bo(r —y —n),
U, = Cexe + Do(r —y —n),

(r=y=n) (1.22)

ty = Agry + By,

2 = Cyy,
jjw - waw + Bw(y + n)u

Zo = waw + Dw(y + TL),

where z, € R* is state vector of P(s) and A,, B, and C, are the system matrices of
appropriate dimensions, z. € RF is state vector of C (s) and A., B., C. and D, are the
system matrices of appropriate dimensions, z, € R* is state vector of Q(s) and A,, B,
and C, are the system matrices of appropriate dimensions, r,, € RF* is state vector of

W (s) and A, By, Cy, and D, are the system matrices of appropriate dimensions.
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i, A, 0 0 0 ) B, 0 B, 0 v
. | | =B.C, A 0 0 T . 0 B. 0 -—-B. r
i, | 0 0 A, 0 T, B, 0 0 0 d|’
T B,C, 0 0 A, T 0 0 0 By, n
Tp v
Te r
u=| —(D.Cy+ DyC,) Cc Cy —C, | . +[0 Do 0 —(D.+D,) ] .
q
Tw n
(1.23)

According to (1.23), input u is decomposed into u = pu—(D.+D,,)n with p representing the
portion of u not directly depending on n. The h-function denoted by hZ(u; (D, + Dy)oy,)
is defined as the conditional expected value of sat”(u) with respect to zero mean Gaussian

noise n.

h (1 (De + Dy)an) = Ey[sat] (u)]

— /OO satg(,u — (D¢ + Dy)n)
e

1
V2ro, P _20721
@ n
7\/%% [m eXP(—E
1 B n?
o / (1= (De + Dy)m)exp(~ 5.5 )dn
o) 2
+ \/gan/ﬁ eXp(—QTiT%)dn

Jdn (1.24)

Calculating (1.24) makes (1.7).

Proof of Theorem 1
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A state space realization of the feedback system of Fig. 1.3 is defined as
‘%p = ApTp + Bp(hg(l_“ (De + Dy)on) +d),

y = Cpp,
T, = A+ Be(r — ),
te = Colie + De(r = 1),
g = Ay + Byh(1; (De + Dy)on), (1.25)
Z1 = Cyig,
Ty = AuTw + By,
Zo = CyZy + Dy,
U= Ue— CZest
where z, is state vector of P(s), z. is state vector of C(s), z, is state vector of Q(s), and

T, is state vector of W (s). The steady state of the system is defined as

ApTp + Bp(hg(ﬂ; (Dc + Dw)an) + d) =0,
Az.+ B.(r —y) =0,

(1.26)
Agq + thﬁ(ﬂ; (De + Dy)on) =0,
ApZw + Byy =10
Since the existence of asymptotically stable equilibrium is assumed, we can obtain
Ugs = Ue,g5 — CZ 58
o et (1.27)

= Ccfc + DC<T - gss> + quq - (ijw + Dw@jss)

where Us, Uess, degt 55> Yss are, respectively, the steady state values of U, Uc, dagt, and .
By using (1.26) and (1.27), we can obtain

ﬂss - (_CcAc_ch + Dc)(r - gss) + (_Cququ)hg(ﬂss; (Dc + Dw)an) - (_CwA;le + Dw)gss
(1.28)

By using Cy = —C.A;'B, + D., Qo = —CyA; ' By, and Wy = —Cy A, ' By + D, (1.28) is

rewritten by
ﬂss - CO<T - gss) + Qohfj{(ass; (Dc + Dw)an) - WOgss (129)

where Cy, Qo, Wy are, respectively, the dc-gain of C(s), the de-gain of ((s), and the
dc-gain of W (s).
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By using €, = r — yss and Qo = 1, (1.29) is rewritten by

{Lss = Coéss + hg(ass; (Dc + Dw)an) - WO(T - éss)

B - (1.30)
- (CO + WO)ess + hg(uss; (Dc + Dw)an) - WOT
For Cy + Wy # 0, the steady state error e, is defined as follows.
— o /B — .
o = Ugs — M (Uss; (Do + Dyy)oy,) + Wor (1.31)
In order to obtain us, (1.29) is rewritten by
tiss = Cor + hP (tss; (De + Dy)oy) — (Co + Wo)ss (1.32)

By using yss = Cpz, = (—CpA;IBp)(hg(ﬂss; (D, + Dy)o,) + d) = Po(hP(iss; (D, +
D,)o,) + d), we can obtain

ass - C(OT + h'g(ass; (Dc + Dw)an) - (CO + WO>PO<h§('ass; (Dc + Dw>an) + d)

(1.33)
= Cor 4 (1 — CoPy — WoPy)hE (tiss; (D, + Dy)oy) — (CoPy + WoPy)d

where P, is the dc-gain of P(s).

Proof of Corollary 1
Since P(s) has a pole at the origin, for an equilibrium to exist, the input to the plant

P(s) must be zero in the steady state, i.e.,
d + h}(itss; (De + Dy)on) = 0 (1.34)

Therefore, by using (1.31), we can obtain

’l_LSS +d+ WQT‘

1.35
Co + W ( )

€ss =
where g, is the solution of (1.34).

Proof of Theorem 2

Since the outer-loop controller C'(s) has a pole at the origin, for an equilibrium to

exist, the input to C(s) must be zero in the steady state. Therefore, e, must be zero.
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1.8 MATLAB CODE

I have saved NITE code in the common fold. To understand code information more
perfectly, I recommend you to check files in common fold.

clear all
clc

%% Operation Time
T = 150;

%% Reference
r=1;
rsteptime = 3;

%% Disturbance
StepTime = 3;

d = 0.4;

%% Gaussian Noise

Mean = 0;

Variance = 0.0016;
sigma = sqrt(Variance);
SampleTime = 0.0001;

%% Saturation

beta = 1;

alpha = -1;

%% PID Gain

P =4,

I =0;

D = 0;

%% Plant & Nominal Plant & Q Filter & QP
Pn = [2];

Pd = [1 3 0];

Pnn = [1];

Pnd = [1 4 0];

Tau = 0.1;

Qn = [1];

%Qd = [Tau"2, 2*Tau, 1];
Qd = [Tau"3, 3*Tau"2, 3*Tau, 1];
Wn = conv(Pnd, Qn);

Wd = conv(Pnn, Qd);

%% Comparision

P1 = 4;

I1 = 0;

D1 = 0;

Qni = [1];

Qd1 = [Tau"2, 2*Tau, 1];
Wnl = conv(Pnd, Qni);
Wd1l = conv(Pnn, Qd1);

%% DC Gain

dcgainP = dcgain(tf(Pn, Pd));
dcgainPn = dcgain(tf(Pnn, Pnd));
dcgainW = dcgain(tf(Wn,Wd));

%% h Function
Dc = 4;
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%Dw = 100;

Dw = 0;

ubar = -10:0.01:10;

hFunction = (alphatbeta)./2 + (ubar-alpha)./2.*erf((ubar-alpha)./(sqrt(2).*(Dc+Dw) .*sigma))
- (ubar-beta)./2.*erf ((ubar-beta)./(sqrt(2) .*(Dc+Dw) .*sigma))
+ (Dc+Dw) . *sigma./sqrt(2*pi) . *(exp (- ((ubar-alpha)."2)./(2.%((Dc+Dw) . 2.*sigma."~2)))
—exp(-((ubar-beta) . 2)./(2.%((Dc+Dw) . "2*sigma."2))));

tl = -10:0.01:alpha;
h1l = alpha*ones(901);
t2 = alpha:0.01:beta;
h2 = t2;

t3 = beta:0.01:10;

h3 = beta*ones(901);

%% For Error Solution
J =41

’

for dVvalue = -1 : 0.01 : 1

temp0(j) = dValue;
f = @(U) (alphatbeta)./2 + (U-alpha)./2.*erf ((U-alpha)./(sqrt(2).*(Dc+Dw) .*sigma))
- (U-beta)./2.*xerf ((U-beta)./(sqrt(2) .*(Dc+Dw) .*sigma)) + (Dc+Dw).*sigma./sqrt(2*pi)
.*(exp(-((U-alpha)."2)./(2.%((Dc+Dw) . 2.*sigma."2)))
-exp(-((U-beta)."2)./(2.%((Dc+Dw) . "2*sigma."2)))) + dValue;
uValue = fzero(f, [-100000,100000]);
templ(j) = uValue;
eValue = (uValue+dValue+dcgainW*r)/(P + dcgainW);
temp2(j) = eValue;
J=j+1;
end
aaa d;
bbb -0.4506;
%txtl = *$\ \Leftarrow(0.4, -0.4506)$’;

txtl = *$\mbox{(0.4, -0.4506)1}$’;
aaa2 = -2.2025;

bbb2 = -d;

txt2 = *$\mbox{(-2.2025, -0.4)}$’;
kkkk = -d*ones(size(ubar,2));

%% Asym line
asym = -10:0.01:10;

%% Run simultion

sim(’DOBpracticel’);

%% Figure

figure(1);

plot(Scope.time,Scope.data(:,1),’k-.’,’linewidth’,3); hold on;
plot(Scope.time,Scope.data(:,2),’r’,’linewidth’,3); hold on;
plot(Scope.time,Scope.data(:,3),’linewidth’,3,’Color’,[0.46 0.67 0.18]); hold on;
plot(Scope.time,Scope.data(:,5),’b--,’linewidth’,2); hold off;
set(gca,’fontsize’,15);

xlabel (’$Time(s)$’);

ylabel (’$Amplitude$’);

legend (" $r(t)$’,’$y(t)$ without noise’,’$y(t)$’,’${\bar y}(t)$’);
y1im([0,2]);

grid on;

figure(2);
plot(ubar,hFunction,’b’,’linewidth’,2); hold on;
plot(t1l,hl,’k’,’linewidth’,2); hold on;
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plot(t2,h2,’k’,’linewidth’,2); hold on;

plot(t3,h3,’k’, ’linewidth’,2); hold on;
plot(aaa2,bbb2,’ro’,’linewidth’,2); hold off;

set(gca,’fontsize’,15);

text (aaa2,bbb2,txt2);

xlabel(’$u$’,’fontsize’,18);

legend ("$h_{-1}"{1}({\bar u};4.16)$’, ’$\mbox{sat}_{-1}"{1}({\bar u})$’);
x1im([-8,8]);

ylim([-1.2,1.21);

grid on;

figure(3);

plot (tempO,temp2,’linewidth’,2,’Color’,[0.46 0.67 0.18]); hold on;
plot(aaa,bbb,’ro’,’linewidth’,2);

set(gca,’fontsize’,15);

text (aaa,bbb,txtl);

xlabel (°$d$’,’ fontsize’,17);

ylabel(’$e$’, ’fontsize’,17);

x1im([-1.2,1.2]);

ylim([-2,21);

grid on;

figure(4);
plot(Scope.time,Scope.data(:,1),’k’,’linewidth’,2); hold on;
%plot(Scope.time,Scope.data(:,2),’r’); hold on;
plot(Scope.time,Scope.data(:,3),’r’,’linewidth’,2); hold on;
%plot (Scope.time,Scope.data(:,5),’b--",’linewidth’,2); hold off;
set(gca,’fontsize’,15);

xlabel(’Time(s)’,’fontsize’,17);
ylabel(’Amplitude’,’fontsize’,17);

legend ($r(t)$’, 8y (t)$’);

y1lim([0,2]);

grid on;

figure(5);

subplot(2,1,1)
plot(Scope.time,Scope.data(:,1),’k-.’,’linewidth’,2); hold on;
plot(Scope.time,Scope.data(:,2),’b’,’linewidth’,2); hold on;
set(gca,’fontsize’,12);

xlabel (°$Time(s)$’);

ylabel({’$a$’,’$Amplitude$’});

legend(’$r(t)$’,’$y(t)$ without noise’);

ylim([0,2]);

grid on;

subplot(2,1,2)
plot(Scope.time,Scope.data(:,1),’k-.’,’linewidth’,2); hold on;
plot(Scope.time,Scope.data(:,3),’b’,’linewidth’,2); hold off;
set(gca,’fontsize’,12);

xlabel (’$Time(s)$’);

ylabel({’$b$’, ’$Amplitude$’});

legend(’$r(t)$’,’$y(t)$ with noise’);

ylim([0,2]);

grid on;

figure(6);

subplot(2,1,1)
plot(Scope.time,Scope.data(:,1),’k-.’,’linewidth’,2); hold on;
plot(Scope.time,Scope.data(:,5),’b’,’linewidth’,2); hold on;
set(gca,’fontsize’,12);

xlabel(’$Time(s)$’);
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194  ylabel({’$a$’,’$Amplitude$’});

195 legend(’$r(t)$’,’${\bar y}(t)$’);

196 ylim([0,2]);

197 grid on;

198

199 subplot(2,1,2)

200 plot(Scope.time,Scope.data(:,1),’k-.’,’linewidth’,2); hold on;
201 plot(Scope.time,Scope.data(:,3),’b’,’linewidth’,2); hold off;
202 set(gca,’fontsize’,12);

203  xlabel(’$Time(s)$’); ylabel({’$b$’, $Amplitude$’}); legend(’$r(t)$’,’$y(t)$ with noise’);
204 ylim([0,2]); grid on;
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Applications to Heavy-duty Vehicle Platooning

2.1 Introduction

2.1.1 Motivation

As international economy is gradually developed, financial gain caused by goods trans-
port has been increased. Accordingly, goods delivery services of heavy-duty vehicles has
grown importance. However, long distance service for goods transport causes serious en-
vironmental disruption problem in that heavy-duty vehicles can not avoid excessive fuel
consumption. For such reasons, international society has made an effort to find appropri-
ate solution which can reduce usage of limited natural resources. As one solution, platoon
technique which can reduce fuel consumption by keeping the distance between vehicles
short enough to decrease aerodynamic drag has been introduced. Nowadays, platoon tech-
nique has received much attention and has been studied a lot [29-35].

Velocity reference tracking of vehicles in platoon is important issue to keep appropriate
distance. However, real vehicles can not track the velocity reference due to effect of exoge-
nous disturbances such as slope effects. For such reason, recent papers have introduced
proper solution which can compensate exogenous disturbances [36,37]. In the paper, by
using model predictive control (MPC) approach based on correct vehicle model, vehicles
track reference. Especially, we want to stress that all vehicles in platoon have utilized road
data in order to compensate external disturbances in the paper. However, this approach
may have much weakness in the case that vehicle mass is changed by loading heavy cargo
(It means that vehicle dynamics as well as disturbances are changed.) or velocities of vehi-
cles are affected by unpredictable input disturbance. Thus, it must be hard to keep short

distance among vehicles in existing MPC approach. Also, in the approach, all vehicle has

25
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used expensive road data.

By applying new vehicle controller in existing platoon approach which is proposed
in [36,37], we overcame such drawbacks several problems. Here, we presented new vehicle
controller which use disturbance observer (DOB) as a sort of robust controller [3, 15—
17,38,39]. This paper has several contribution as follows: (1) In the case that incorrect
vehicle model caused by uncertain mass affects vehicle control, vehicles may not track
velocity reference. However, in this proposed method, vehicles in platoon compensate
effect of model uncertainty and tracks reference. (2) Vehicles may be affected by incorrect
disturbances caused by change of mass, wrong slope data obtained from GPS malfunction,
frequent changes of road friction and rolling coefficient, etc. If vehicles in platoon are
affected by unknown exogenous disturbances, vehicles must not track velocity references.
However, proposed method compensates exogenous disturbances. (3) In existing MPC
approach in [36,37], all vehicles need road data to compensate external disturbances. If all
vehicles use road data, expensive fee must be paid. However, in this proposed approach,
fee is considerably reduced in that only first vehicle must not need road slope data to

produce velocity profile of platoon coordinator.

2.1.2 Chapter Outline

The outline of this paper is as follows: In Section 2.2, we explain platoon architecture.
In Section 2.3, vehicle and platoon model is proposed. In Section 2.4, vehicle controller
based on disturbance observer is presented. In Section 2.5, platoon coordinator is briefly
introduced. In Section 2.6, simulations are conducted by using real road data taken in

highways of Sweden. In Section 2.7, conclusion are formulated.

2.2 Platoon Architecture

Platoon architecture consists of mission planner, road data base, platoon coordinator,
and vehicle controller, and this is shown in Fig. 2.1. Mission planner suggests platoon
opportunities to vehicles on the roadway and sends mean velocity which vehicles in platoon
should follow. Road data base sends slope data, speed limit (minimum and maximum
speed) on the roadway segment to first vehicle fitted with platoon coordinator. Here, initial
road data is stored by previous platoon vehicles. Thus, road which previous vehicles passed
is updated consistently. See Fig. 2.4. We can check that real road data is similar estimated

road data taken in previous platoon. Based on such information, platoon coordinator
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uses dynamic programming formulation and produces optimal speed profile over absolute
position that can reduce fuel consumption while maintaining mean velocity. After sending
optimal velocity profile to each vehicle, each reference generator fitted with vehicle make
new speed profile with respect to optimal speed profile obtained from platoon coordinator
and speed data of preceding vehicles. In order to track new speed profile, each vehicle

calculates the amount of fuel which is injected into vehicle and sprays it to engine system.

Mission planner Road data base

l v l slope data, Vpin < v < Ymax

Platoon coordinator

vg‘”x;; 1;5‘”1‘2 vﬂTml

Vehicle controller E Vehicle controller <I— Vehicle controller
1

Finputs,?)l Tﬂﬂs Finputs,zl T ) Finputs,ll Tl“l
LN e L — L

Figure 2.1: Platoon architecture.

Based on wireless sensor unit, information exchange of vehicles within platoon is op-
erated in real time. Global positioning system (GPS) computes absolute position of each
vehicle and radar device measures distance and relative speed between current vehicle and
preceding vehicle. Also, engine and gear management system controls engine and brake
management system controls the braking actuators. For detailed information, see [36,37].

In order to evaluate suitability of proposed platoon approach, we use actual measure-
ment data taken in highways of Sweden shown in Fig. 2.2 and Fig. 2.3.
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Figure 2.2: Actual altitude data taken in highways of Sweden
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Figure 2.3: Actual slope data taken in highways of Sweden
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Figure 2.4: Estimated slope data taken in preceding platoon

2.3 Vehicle and Platoon model

In this section, we define single vehicle model and platoon model utilized in the two
control layers. By Newton’s second law, the longitudinal dynamics of single vehicle model
are defined as

m;v; = Fengine,i + Fbrake,z‘ + Fext,i (2.1)

vz:Sz
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where m;, v;, s; denote mass, speed, and longitudinal position of vehicle 7, respectively,
and Fengine,ia Fbrake,z" Fext ; are forces generated by engine system and braking system,
and external force. More specifically, we assume that exogenous disturbance consists of

three kinds of forces and is defined as

Fext, = gravity,z'(a(si)) + FrolLZ-(O‘(Si)) + Fdrag,i@ia d;) (2.2)

where Fopavity ;((si)), Frop,(alsi)), Fdrag,z‘(viv d;) are force occurring due to gravity,
rolling resistance, and aerodynamic force, respectively. See Fig.2.5. We assume that engine

Fdrag,i
&

/Fengine,i

F, gravity i

Figure 2.5: Forces acting on vehicle i.

force of vehicle i has specific saturation region represented as

P min,i
U;

Pmax,
< Fengine,z‘ < T (2.3)

where P iy ;» Pmax, are minimum and maximum engine power of vehicle ¢, respectively.

We assume that braking force of vehicle i is bounded by road friction and is modeled as

—miighi < Fhyake,; <0 (2.4)

where p;, 1; are road friction coefficient and braking system efficiency, respectively. We

assume that Fgpayity ;((s;)) is modeled as

Faravityi(a(si)) = —migsin(a(s;)) (2.5)

where «(s;) denotes road slope at position s; and g denotes gravity acceleration. We

assume that F7 11 ;(a(s;)) is modeled as

Fron(alsi) = —¢;migeos(a(s;)) (2.6)
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where ¢, denotes rolling coefficient. We assume that Fdragz' is modeled as

1
Firagi(vi:di) = =5pACp(di)v; (2.7)

where p, A, are air density and cross-sectional area, respectively, and Cp(d;) is air drag
coefficient defined as a function of distance between current vehicle and its preceding
vehicle and is assumed to be modeled as

Cp1

Cp(d;) = Cpp(l — ———
p(d:) o Cpe +d;

) (2.8)

where parameter C'py denotes coefficient determined by shape of vehicle ¢ and also, C'py,
Cpo are coefficients obtained by regressing the experimental data and d; denotes distance

defined as
1
d; = o " (2.9)
Sic1— 8 — i, 2<i<N,

where [; denotes length of vehicle i. From (2.7) and (2.8), we get to know the fact that
short distance between vehicles means low aerodynamic resistance and fuel efficiency is
consequently enhanced. Simplified fuel model used in platoon coordinator layer is defined
as

5@' - pl,iFengineﬂ"Ui + Po,i (2.10)

where 0; denotes fuel flow and p; 4, po,; are coefficients related to fuel consumption rate.
We assume that gear changes are not taken into account for simplicity.

2.4 Vehicle Controller

Vehicle controller architecture is consist of reference generator, and DOB based controller
with braking system for safe platoon and shown in Fig. 2.6. Based on velocity profile
obtained from platoon coordinator v;(z;) and velocity data over position of preceding
vehicle v;_1(zx), reference generator makes new velocity reference Urefs which vehicle
should track.

2.4.1 Reference Generator

This section defines new velocity reference v . ,(2x) in order to compensate vehicle devi-

ation in platoon. First vehicle follows optimal velocity profile which platoon coordinator
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é{eference —>ref, Controller with
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] vi—1(2x) Finputs,i(2) l I vi(zk)

Vehicle ¢

Figure 2.6: Vehicle controller architecture.

produces and following vehicles track mixed velocity reference utilizing velocity of leading

vehicle and optimal velocity:

vref,1(zk) = v (zx)

Uref,z(zk) = Kyvs(z) + (1 — Ka)vi(2)

(2.11)
Uref n, (21) = KNUU;FVU (z) + (1 = Ky, )un, -1(2k)
where z;, is discretized space variable, and Ks, ---, Ky, are arbitrary positive weighting

parameters less than 1.

2.4.2 DOB based Controller with Braking System

Consider a block diagram shown in Fig. 2.7. Vehicle controller uses disturbance observer
(DOB) as robust control tool. Signals u;, n, ﬁextv Foqt are, respectively, control signal,
measurement noise, unknown external disturbance, estimated disturbance. Here, actual
measurement noise reported in [40] is induced into control system.

Transfer function of uncertain vehicle model is defined as

P(z) = % (2.12)

where m;, Ts are uncertain mass of vehicle ¢ and sampling time, respectively. Transfer
function of nominal vehicle model is modeled as
T

Fiz) = mi(z — 1)

(2.13)
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Uref,i O Ci(2) Braking [%i
(2

F, est,i

/

Figure 2.7: Block diagram of DOB based controller with braking system

Transfer function C;(z) is outer-loop controller. Transfer function of Q-filter is designed
as

B c(z—1)4c
Q) = T rae=1) T a

where ag = ¢, ay, ¢; are arbitrary positive coefficients. For more information on discrete

(2.14)

version of DOB, see [39]. The saturating actuator is denoted by sat} (u;) with 3;(v;) and
7i(v;) being the lower and upper limits:

Bi(vs), u; < Bi(v;)
Satgl((zﬁ)) (us) = wi,  Bi(vi) <up < () (2.15)
7ivi), u; > yi(vi)
where (;(v;), vi(v;) are defined as

Pin
6 (u) = 1uins

Pmax
i(vi) = =

— My g

(2.16)
Ui
Unknown external disturbance is represented as
Fext, = ~grawity,z'(O‘(S/’c)) + ﬁroll7i(a(5k)) + Fdrag7i(vz‘> d;) (2.17)
= —mygsin(a(sy)) — ¢..m;gcos(a(sg)) — %pAUC’D(di)vf .
where ¢, ; is unknown rolling coefficient.

Before explaining safety constraints, we assume that vehicle speed, vehicle mass, slope,
friction coefficient, rolling coefficient are bounded as follows: 0 < v; < vmax, Myyin <

m; < mmax, || < amax, fmin < A < fmax, ¢, min < Cri < Crmax-
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In the case that speed and position trajectories deviates significantly from the reference
ones, vehicle may require safety braking system to avoid severe collision. If vehicle violates

safety law, braking system of vehicle operates. The safety law is defined as follows:

di 2 dggafe (2.18)
where dsafe,z‘ is defined as
dgafe; = 9 U?il - —vzz.
’ Amin,i—1 2amln,z‘
Amin,; = —Hmax’maxg — gSin(amaX) — Crmaxyg — 1nin PAUCDOU%Q&X (2'19)
Amin; = ~Hmin"ming — ¢ min9

To get detailed information about safety law, see [36,37].

2.5 Platoon Coordinator

We use platoon coordinator algorithm which is introduced in [36,37]. Platoon coordinator
is the higher layer of platoon control architecture and takes average speed requirement
from mission planner and current vehicle state from vehicles. By using the available in-
formation on the planned route, it generates a unique optimal speed profile v} which
minimizes the fuel consumption of the whole platoon, while maintaining a certain average
speed. Here, platoon coordinator layer uses a DP framework to compute optimal veloc-
ity profile. Parameters which characterize DP problem are discretization space Aspp,
horizon length Hpyp, and refresh frequency fpp. Horizon space length is defined as
Spp = HppAspp. In space domain, platoon coordinator layer uses a discretized ver-
sion of (2.1) and is represented as

'Uz(zk) - Uz‘(Zk—1)

ASDP

mivi(2) = Fengine,i<zk) + Fbrake7i<zk) — mygsin(a(z))

— ¢ymygeos(a(zy)) — %pAvCD(di(zk))(vi(zk))Z (2.20)
ti(2x) — ti(zr—1)
ASDP

;i (k) =1

where parameters zi, vi(z;) denote discretized space and speed and forces Fopgine ;(2k),

Fypake ;(21) are engine force and braking force expressed as function of discretized space,
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respectively. In DP formulation, we refer to (2.20) as v;(zx—1) = fo:(vi(2r), ui(2x)) where
u;(zy) is the input vector defined as w;(zx) = [Fii(2x), Fyi(z1)]”-

Platoon model is bounded using input constraints and state constraints. According to
(2.3) and (2.4), engine force and braking force are bounded by

Pmax,i

Prin i
)2 F
vi(2k) (2.21)

Uz‘<2k) engme,( )

=Ml < Fbrake,i(zk) <0

In the DP formulation, we refer to these constraints as u;(2x) € U;(2x). Considering the

road speed limit obtained from road data base, vehicle speed is bounded by

Vmin (2k) < vilzk) < vmax (k) (2.22)

We refer to this constraint as v;(z) € V(zx). All the vehicles are required to track the
same speed profile at same position and it is represented as

vi(zk) = va(zk) = ... = N, (21) = v(21) (2.23)

This constraint reduces complex computation by reducing the search space of DP algo-
rithm to one dimension. The cost function of platoon coordinator layer is divided into two
term which are consist of Jg,, as overall fuel amount consumed by vehicles in platoon

and Ji .,y defined as travel time over space.

JDP = quel + 5Jtrave1 (2.24)

where parameter [ represents weighting factor. The fuel term uses both (2.10) and kine-

matic energy of platoon at the end of horizon and the travel term uses (2.20).

Ny, k+Hpp—1

Po,i
Jtuel = Z Z ASDP(pl,iFengine,z' + (2 ))

i=1  j=k k
Ny m;i(v(z, + Hpp — 1))?

=S pu 2DP (2.25)
i=1
k‘-‘rHDp—l AS

_ DP

Jtravel - Z

j=k v(z)
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The DP formulation is defined as

2.26

vi(25) = v(z;) € V(%) ( )
2 = s1(t)
v(z) = vi(?)

for j = k,....k+ Hpp — 1. For more information about platoon coordinator, see [36,37].

2.6 Simulation

Various simulations are conducted to validate the effectiveness of the proposed vehicle
controller and use real measurement road data. We assume that 3 vehicles are gathered for
platoon. Especially, we focus on scenario where all vehicles in platoon have different masses
and facts that this proposed approach does not need actual road data. (As we mentioned
previous chapter, platoon coordinator must need actual road data for producing optimal
velocity reference.) It means that platooning can not avoid usage of expensive road data.
This may be much large disadvantage in the aspect of fee. At first, for validation of our

idea, we will define parameters as follow:

myp = Mo = M3 = 40t,
Ty = 40t, Ty = 36t, g = 44t
Cr1 = Cpro = Cr3 = 0003,

i ’ - (2.27)
Gt = 0.028,7,5 = 0.003,,5 = 0.0032,

p = po = pt3 = 0.8,
Gy = 0.77, iy = 0.78, s = 0.81,

The changes of mass and several disturbances makes vehicles not to keep platoon. This
means that all vehicles are affected by different size of disturbances. For compensation
of this effect, we presents new vehicle controller based on disturbance observer which
compensates exogenous disturbance and makes real vehicle behave like nominal vehicle
in steady state. Various plots are obtained from MATLAB/SIMULINK. See Fig. 2.8,
Fig. 2.9, Fig. 2.10. We can check that real vehicles are affected by several disturbances.
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Especially, we can check that gravity force by changes of slope has biggest values in those

graphs. We also show exogenous disturbance and estimated disturbance. They are very

similar and this means that controller compensates effect of disturbances.
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Figure 2.8: Exogenous disturbance and estimated disturbance of vehicle 1

4
x10
1.5 =
— Ii drag,2
1r — Troll2 1

I € gravity 2

z 05) — Fextp

& -~ ~lest,2

g

8 0

—

=

7]

2

-1.5
0 1000 2000 3000 4000 5000

position|m]

Figure 2.9: Exogenous disturbance and estimated disturbance of vehicle 2

Fig. 2.11 shows velocities of vehicles over position. Each vehicle in platoon tracks




Chapter 2. Applications to Heavy-duty Vehicle Platooning

4
15 x10 -
- Ii drags
1r ~“rolls 1
— Ugravitys
z 05 - —fexts ||
g -~ ~lests
=]
_g 0 A /"\\'\
E
n
S -0.5 1
-1 .
-1.5
0 1000 2000 3000 4000 5000
position|m]

Figure 2.10: Exogenous disturbance and estimated disturbance of vehicle 3

reference produced by reference generator and also vehicles has almost same speed.
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Figure 2.11: Velocities of vehicles
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The distance between vehicles and safe distance are plotted in Fig. 2.12. If distance
between vehicles violates safe distance, braking systems will be operated until they satisfy

gap over safe distance again.

16
da
14} ds
- = = dgafes
12+ - = = dgafe |
E
g10}
2
2 8
/r \\\\ o
6 II‘\ / —\\-P’,
\,\ Sor
4+
0 1000 2000 3000 4000 5000
position[m]

Figure 2.12: Distance over position

See Fig. 2.13 and this shows aerodynamic drag of 3 vehicles in platoon. We can check
that second and third vehicles are affected by small aerodynamic drag rather than first
vehicle, although first vehicle takes largest aerodynamics force of 3 vehicles. Here, we can
know effect of platoon.

We show inputs of vehicles. They have different size of input at the same position
because of different mass. Also, we can check that all input are bounded by upper limits.
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Figure 2.13: Aerodynamic drag of 3 vehicles in platoon
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Figure 2.14: Inputs of vehicles
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Fig. 2.15 shows fuel consumption of vehicles. Red bar means vehicles in the roadway
operated without road data, it means vehicle does not use platoon coordinator. So Red
bar is highest in 3 bars. Green bar means vehicles in the roadway use platoon coordinator.
This approach is best method, but vehicles need expensive road data. However, in the
case of using Disturbance Observer, vehicles use estimated road data, and then, vehicles

reduce fuel consumption.

1100 T T
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7
g
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2
o
s
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1 2 3

Vehicle

Figure 2.15: Fuel consumption of vehicles

Through simulations, we can know that proposed vehicle controller are quite useful.
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2.7 Conclusions

By keeping the distance between vehicles short enough to decrease aerodynamic drag,
heavy-duty vehicle platooning can reduce fuel consumption. Major disturbances in the
platooning are the slope in the road and uncertain mass of the trucks. Existing method
to reduce the effect of slope is to combine the vehicle position obtained from GPS and
the slope database to calculate the amount of feed-forward type compensation. However,
slope database is costly to acquire, and GPS signal is unreliable in some locations. We
present vehicle controller based on disturbance observer to compensate the effect of slope
and mass without relying on the GPS and the slope database. Actual measurement of the
road slope taken in highways of Sweden was used and simulation was conducted.

2.8 MATLAB CODE

I have saved platoon code in the common fold. To understand code information more

perfectly, I recommend you to check files in common fold.

2.8.1 Initialization

clear all
clc

%% Load files

load road_profile_Mariefred_Eskilstuna.mat;

%load Mariefred_Eskilstuna.mat; % sampled road data
load powertrain_model;

%slope = SLOPE;
Y%distance = DISTANCE;
%altitude = ALTITUDE;

%% Vehicle Operation Time(s)
OperationTime = 300;

%% Platoon coordinator
n_vehicles

3;
nominal_mass 40000; %% Nominal mass of the vehicles(kg)

nominal_length 18;
nominal_cr 0.003;
nominal_Pmax 300000;
nominal_Pmin -8994.5;

[0; fuelp_coeff1(1); 0];
nominal_mass*ones(1,n_vehicles);
nominal_length*ones(1l,n_vehicles);
nominal_cr*ones(1,n_vehicles);
nominal_Pmin*ones(1,n_vehicles);
nominal_Pmax*ones(1,n_vehicles);

repmat (nominal_engine_fuel_coeff,1,n_vehicles);

nominal_engine_fuel_coeff
nominal_mass_vec
nominal_length_vec
nominal_cr_vec
nominal_Pmin_vec
nominal_Pmax_vec
nominal_engine_fuel_coeff_vec

open_loop_pc =1;
% 1 to use the platoon coordinator in openloop, note:
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% fix the variable s_pred_DP inside the platoon coordinator block
if open_loop_pc

dt_pc = 40000;
% [s] refresh time of the platoon coordinator block, large value for using it in open loop
s_pred_DP = 8000;
% [m] length of the prediction horizon
else
dt_pc = 4;
s_pred_DP = 4000;
end
CLAC 1;
% 1 for clac, 0 for lac (optimization consider the ful consumption of only the first vehicle)

-~

ave_v_ref 22.00;
max_v_ref 25;

% [m/s] max speed

max_err_v = 0.02;
fixed_end_v = 0;

% 1 for fixing the speed at the end of the horizon of the dynamic programming

end_v 22;

% final speed at the end of the horizon of the dynamic programming (if fixed_end_v = 1)
beta_tuning = 0;

% 1 for the in block tuning of beta in order to obtain the reference average speed
k_beta = 0.01;

s_discre_DP 6;

hp_DP floor(s_pred_DP/s_discre_DP);

% number of steps of the prediction horizon

% setting beta_init, i.e, the initial value for the trade-off parameter between fuel and time
if n_vehicles ==
if CLAC
beta_init = 7.3873e-3;
else
beta_init = 4.2878e-3;

end )
elseif n_vehicles ==
if CLAC
beta_init = 10.3056e-3;
else o
beta_init = 7.3873e-3;

end
elseif n_vehicles ==

if CLAC

beta_init = 13.9990e-3;
else

beta_init = 7.3873e-3;
end

end

InitialPosition = -300; % Initial position of the vehicle(m)

VehiclelLength = 18; 7 Length of the vehicle(m)

Vehicle2Length = 18;

Vehicle3Length = 18;

InitialDistanceBetweenVehicles12 = 8' % Initial distance between vehicles(m)
Inlt1a1D1stanceBetweenVehlcleSQB

time_gap(2) (Inlt1alDlstanceBetweenVehlcle512+Veh1cle1Length)/22
time_gap(3) = (InitialDistanceBetweenVehicles23+Vehicle2Length)/22;
InitialPositionl = InitialPositiont+InitialDistanceBetweenVehicles12
+VehiclellLength+InitialDistanceBetweenVehicles23+Vehicle2Length;

v_init = 22;

[InitialPosition1+6*(—(hp_DP+40—1):0)’ , V_init*ones(hp_DP+40,1)];

(0:6:distance(end))’;
interpl(distance,altitude,road_s_vec, ’pchip’);
max_v_ref*ones(size(road_s_vec));

Xref_pc_init

road_s_vec
road_h_vec
road_vmax_vec

[road_s_vec road_h_vec road_vmax_vec];
[nominal_mass_vec;

road_info
vehicles_info
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engine_info

nominal_length_vec;
nominal_cr_vec];

= [nominal_Pmin_vec;
nominal_Pmax_vec;

nominal_engine_fuel_coeff_

%% Vehicle controller & Plant(Vehicles)
T = 0.05; % Sampling Time

dBm = -120;

Noisepower =

10.7((dBm-30)/10); % Band-limited white

g = 9.81; % Gravity acceleration

nominal_Eb
VehiclelEb
Vehicle2Eb
Vehicle3Eb

nominal_Cf
VehiclelCf
Vehicle2Cf
Vehicle3Ct

VehiclelCr
Vehicle2Cr
Vehicle3Cr

1;

.99;
.8;

.81;

.0032;

% Braking efficiency of vehicle 1
.98; % Braking efficiency of vehicle 2

1;
0
0
0
0.77; % Friction coefficient of vehicle
0.78; % Friction coefficient of vehicle
0 .
0
0
0

.0028; % Rolling resistance of vehicle
.0030; % Rolling resistance of vehicle

Cd0 = 0.5271; % Coefficient Cd0 of aerodynamic drag
Ad = 1.225; % Air density

.487; % Av of vehicle 1
.487; % Av of vehicle 2

300000; % Pmax, Pmin

% Outer controller gain of PID

1; % Discrete-time DOB switch

0; % Control gain of discrete-time DOB

40000; % Real mass of the vehiclel(kg)
36000; % Real mass of the vehicle2(kg)

VehiclelAv = 9
Vehicle2Av = 9
Vehicle3Av = 9.487;
VehiclelPmax =
VehiclelPmin = -8994.5;
Vehicle2Pmax = 300000;
Vehicle2Pmin = -8994.5;
Vehicle3Pmax = 300000;
Vehicle3Pmin = -8994.5;
P = 40000;
I=20;
D =0;
DOB_switch
DOB_type =
if DOB_type ==
Qn_z = 1;
Qd_z = [1 0];
elseif DOB_type ==
Qn_z = [2 -1];
Qd_z = [1 0 0];
elseif DOB_type ==
Qn_z = [3 -3 1];
Qd_z = [1 0 0 0];
end
Pnn_z = T;
Pnd_z = nominal_mass*[1 -1];
QPnn_z = conv(Pnd_z,Qn_z);
QPnd_z = conv(Pnn_z,Qd_z);
M1 =
M2 =
M3 = 44000;

vec] ;

noise
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%M1 = 40000; % Real mass of the vehiclel(kg)
%M2 = 40000; % Real mass of the vehicle2(kg)

%$M3 = 40000;
Acl = 0; % Plant(vehiclel,vehicle2, vehicle3), state space form
Bcl = 1;
Ccl = 1/M1;
Dcl = 0;

Ac2 = 0;

Bc2 = 1;
Cc2 = 1/M2;
Dc2 = 0;

Ac3 = 0;

Bc3 = 1;

Cc3 = 1/M3;
Dc3 = 0;

InitialVehiclelVelocity = M1*22;
% Plant(vehiclel,vehicle2, vehicle3), Initial value of state space form
InitialVehicle2Velocity = M2*22;
InitialVehicle3Velocity = M3*22;

%% vRef parameter
vRefParameter = 0.9;

%% saturation-region

sat_region_on = O;

% (sat_region_on = 1 for sat_min = 0) , (sat_region_on = O for sat_min = sat_min)
%% The range of vehicle parameters(v,m,slope,distance,eb,cr)

%These are necessary parameters to set the braking safe system

Vehicle_Eb_max = 1;
Vehicle_Eb_min = 0.97;
Vehicle_v_max = max_v_ref;
Vehicle_v_min = 0;
Vehicle_m_max = 45000;
Vehicle_m_min = 35000;
Vehicle_Cf_max = 0.83;
Vehicle_Cf_min = 0.77;
Vehicle_Cr_max = 0.0032;
Vehicle_Cr_min = 0.0028;

if abs(max(slope)) >= abs(min(slope))
Vehicle_slope_max = abs(max(slope));
Vehicle_slope_min = O;

else
Vehicle_slope_max
Vehicle_slope_min

end

Av = 9.487;

Vehicle_Aerodynamic_max = 1/(2+Vehicle_m_min)*Ad*Av*CdO*(1)*(Vehicle_v_max~2);
Vehicle_Aerodynamic_min = 1/(2+Vehicle_m_max)*Ad*Av*CdO*(1-14.666./26.666)* (Vehicle_v_min~2)

soft_braking_coeff = 1;

% Min_MinimumAcceleration

min_min_a = -Vehicle_Cf_max*Vehicle_Eb_max*g - g*sin(Vehicle_slope_max)
- Vehicle_Cr_maxxg*cos(Vehicle_slope_min) - Vehicle_Aerodynamic_max;

% Max_MinimumAcceleration

max_min_a = -Vehicle_Cf_minx*Vehicle_Eb_min*g - g*sin(Vehicle_slope_min)
- Vehicle_Cr_minxg*cos(Vehicle_slope_max) - Vehicle_Aerodynamic_min;

abs(min(slope));
0;

%% Run simulation
sim(’platooningDOB’) ;
%sim(’platooningD0OB_revl’);

%% Plot

’
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minxlimit = 0; % xlimit of graph

maxxlimit = 5000;

% Slope graph from Mariefred to Eskilstuna
figure(1);

plot(distance,slope,’b’,’linewidth’,2);
set(gca,’fontsize’,15);
x1lim([minxlimit,maxxlimit]);
xlabel(’$position[m]$’,’fontsize’,15);
ylabel(’$slope$’, ’fontsize’,15);

grid on;

% Altitude graph from Mariefred to Eskilstuna
figure(2);
plot(distance,altitude,’b’,’linewidth’,2);
set(gca,’fontsize’,15);
x1lim([minxlimit,maxxlimit]);
xlabel(’$position[m]$’,’fontsize’,15);
ylabel(’$altitude[m]$’,’fontsize’,15);

grid on;

% Velocity plot

figure(3);

plot(ScopeData.data(:,1),ScopeData.data(:,4),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,5),’b--’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,6),’g:’,’linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1lim([minxlimit,maxxlimit]);

ylim([21.5,25]);

xlabel(’$position[m]$’,’fontsize’,15);

ylabel(’$velocity$’, ’fontsize’,15);

legend (’$v_{13}$’, $v_{23$°, $v_{3}$°);

grid on;

% Distance between vehicles graph

figure(4)

plot(ScopeData.data(:,2),ScopeData.data(:,8),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,9),’b’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,10),’r--’,’1linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,11),’b--",’1linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1lim([minxlimit,maxxlimit]) ;

ylim([3,16]);

xlabel(’$position[m]$’,’fontsize’,15);
ylabel(’$distance([m]$’,’fontsize’,15);

legend(°$d_{2}$°,°$d_{3}$’, $d_{\mbox{safe},2}$’,’$d_{\mbox{safe},3}$’);
grid on;

% ul, u2, u3

figure(5);

plot(ScopeData.data(:,1),ScopeData.data(:,18),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,19),’g’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,20),’b’,’linewidth’,2); hold on;
plot(ScopeData.data(:,1),ScopeData.data(:,21),’r--’,’1linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,22),’g--’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,23),’b--",’linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1lim([minxlimit,maxxlimit]);

y1lim([-10000,20000]) ;

xlabel(’$position[m]$’,’fontsize’,15);
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ylabel (’$input [N]$’, fontsize’,15);
legend ("$u_{1}$’, °$u_{2}$’, $u_{3}$’, ’$\gamma_{1}$’,’$\gamma_{2}$’,’$\gamma_{3}$’) ;

grid on;

% Airdrag Force

figure(6);

plot(ScopeData.data(:,1),ScopeData.data(:,24),’g’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,25),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,26),’b--",’1linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1lim([minxlimit,maxxlimit]);

y1im([-2000,0]) ;

xlabel(’$position[m]$’,’fontsize’,15);

ylabel(’$force[N]$’, fontsize’,15);

legend (’ ${F}_{\mbox{dragl},1}$’,’ ${F}_{\mbox{drag},2}$’,’ ${F}_{\mbox{dragl},3}$’);

grid on;

figure(7);

plot(ScopeData.data(:,1),ScopeData.data(:,24),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,1),ScopeData.data(:,27),’g’,’linewidth’,2); hold on;
plot(ScopeData.data(:,1),ScopeData.data(:,30),’b’,’linewidth’,2); hold on;
plot(ScopeData.data(:,1),ScopeData.data(:,12),’k’,’linewidth’,2); hold on;
plot(ScopeData.data(:,1),ScopeData.data(:,15),’m--’,’linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1lim([minxlimit,maxxlimit]);

ylim([-15000,15000]) ;

xlabel(’$position[m]$’,’fontsize’,15);

ylabel(’$disturbance[N]$’, fontsize’,15);

legend (’$\widetilde{F}_{\mbox{drag},1}$’,’$\widetilde{F}_{\mbox{roll},1}$’
,’$\widetilde{F}_{\mbox{gravity},1}$’,’$\widetilde{F}_{\mbox{ext},1}$’, ’ ${F}_{\mbox{est},1}$°);
grid on;

figure(8);

plot(ScopeData.data(:,2),ScopeData.data(:,25),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,28),’g’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,31),’b’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,13),’k’,’linewidth’,2); hold on;
plot(ScopeData.data(:,2),ScopeData.data(:,16),’m--’,’linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1im([minxlimit,maxxlimit]);

ylim([-15000,15000]) ;

xlabel(’$position[m]$’,’fontsize’,15);

ylabel(’$disturbance[N]$’, fontsize’,15);

legend (’$\widetilde{F}_{\mbox{drag},2}$’,’$\widetilde{F}_{\mbox{rolll},2}$’
,’$\widetilde{F}_{\mbox{gravity},2}$’,’$\widetilde{F}_{\mbox{ext},2}$’, ’ ${F}_{\mbox{est},2}$°);
grid on;

figure(9);

plot(ScopeData.data(:,3),ScopeData.data(:,26),’r’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,29),’g’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,32),’b’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,14),’k’,’linewidth’,2); hold on;
plot(ScopeData.data(:,3),ScopeData.data(:,17),’m--’,’linewidth’,2); hold off;
set(gca,’fontsize’,15);

x1lim([minxlimit,maxxlimit]);

y1im([-15000,150001) ;

xlabel(’$position[m]$’,’fontsize’,15);

ylabel(’$disturbance[N]$’, fontsize’,15);

legend (’$\widetilde{F}_{\mbox{drag},3}$’,’$\widetilde{F}_{\mbox{rolll},3}$’
,’$\widetilde{F}_{\mbox{gravity},3}$’,’$\widetilde{F}_{\mbox{ext},3}$’, ’ ${F}_{\mbox{est},3}$’);
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grid on;
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2.8.2 Platoon Coordinator

1
2 % assumtion: trucks have the same powertrain!

3

4 function Xref_pc = platoon_coordinator(road_info, vehicles_info, engine_info,
5 k_beta, beta_tuning, max_v_ref, ave_v_ref, time_gap, CLAC,...

¢ fixed_end_v, end_v, max_err_v, X1, beta_init, Xref_pc_init)

7

8 persistent beta Xref_pc_per

9 t_curr=0;

10 if isempty(beta)

11 beta=beta_init;

12 end

13 if isempty(Xref_pc_per)

14 Xref_pc_per=Xref_pc_init;

15 end

17 coder.extrinsic(’legend’)
18 coder.extrinsic(’tic’)
19 coder.extrinsic(’toc?)

21 %%k Platoon coordinator parameter

22 n_DP = 1389; % number of discratization speed points
23 %n_DP = 2000;

24 dv_DP = 0.005; % [m/s] speed discatization size

25 ds_DP = 6; % [m] discratization lenght

26 s_pred_DP = 8000; % [m] lenght of the prediction horizon
27 hp_DP = floor(s_pred_DP/ds_DP);

29 %/ reading parameters

30 % reading road information

31 road_s_vec = road_info(:,1); % spacial coordinate
32 road_h_vec road_info(:,2); % road altitude

34 % reading vehicle info
35 n_vehicles

36 vehicle_m_vec

37 vehicle_length_vec
38 vehicle_cr_vec

3; % number of vehicles
vehicles_info(1,:); % vehicles masses
vehicles_info(2,:); % vehicles lengths
vehicles_info(3,:); % vehicles roll resistance

40 % reading engine info

41 engine_Pmin_vec = engine_info(1,:);
42 engine_Pmax_vec = engine_info(2,:);
43 engine_fuel_coeff_vec= engine_info(3:5,:);

)
)

45 %% current state
46 sl_curr
47 vl_curr

X1(2);
X1(1);

49 %% vehicle parameters
50 hro_v=1.2;
51 ro_v=1.225;

52 %hA_v=10;
53 A_v=9.487;
54 g=9.81;
55 4Cd0=.6;

56 €d0=0.5271;

57 %Cd2=23%.30/.35;
58 (Cd2=26.666;

50 %Cd1=.65%Cd2;

60 Cd1=14.666;

62 %% controller initialization
63 v_DP=max_v_ref+((-(n_DP-1)*dv_DP) :dv_DP:0);
64 k_init=find(v_DP>=v1_curr,1);
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v_DP=v_DP-(v_DP(k_init)-v1_curr)*ones(size(v_DP));
beta_old=beta;

beta_low=Nal;

beta_high=NaN;

v_ave=0;

%% DP

% initializtions
s_opt=zeros(hp_DP,1);
k_opt=zeros(hp_DP,1);
v_opt=zeros(hp_DP,1);
t_opt=zeros(hp_DP,1);
feb_opt=zeros(hp_DP,n_vehicles);
Peb_opt=zeros (hp_DP,n_vehicles);
big_number=Inf;

Cd_vec=zeros(n_vehicles,length(v_DP));
Cd_vec(1, :)=ones(size(v_DP))*CdoO;
for i=2:n_vehicles
Cd_vec(i,:)=Cd0*(1-Cdl*ones(size(v_DP))./(Cd2+(v_DP*time_gap(i)-vehicle_length_vec(i-1))));
end
% DP routine
whilg_(abs(V_ave—ave_v_ref)>max_err_v) && (beta_o0ld>0 || v_ave<=22)
ic
J=zeros (hp_DP,n_DP);
J_temp=zeros(n_DP,1);
k_fut=zeros(hp_DP,n_DP);
if fixed_end_v
J(hp_DP,1:n_DP)=big_number;
J(hp_DP,find(v_DP>=end_v,1))=0;
else
J(hp_DP,1:n_DP)=sum((1/2*vehicle_m_vec./engine_Pmax_vec (1)
*polyval (engine_fuel_coeff_vec(:,1),engine_Pmax_vec(1)))’*(ave_v_ref”"2-v_DP."2));
end
k_fut (hp_DP,1:n_DP)=NaN;
s_opt(:)=s1_curr+ds_DPx*(0: (hp_DP-1));
Feb_temp=zeros(1,n_vehicles);
Peb_temp=zeros(1l,n_vehicles);
for j=hp_DP-1:-1:1
dh=interpl(road_s_vec,road_h_vec,s_opt(j+1))-interpl(road_s_vec,road_h_vec,s_opt(j));
for i=1:n_DP
% 1 - same speed
k=i;
% used model (V-v)*V/ds*m=Fe-1/2*ro_v*A_v*Cd*V~2-m*g*sin(alpha(x(V))
Feb_temp(1,:)=vehicle_m_vec’/ds_DP*v_DP (k)*(v_DP(k)-v_DP(i))+1/2
*ro_vxA_vxCd_vec(:,k)*v_DP(k) "2+g*vehicle_cr_vec’.*vehicle_m_vec’
+vehicle_m_vec’*gxdh/ds_DP;
Peb_temp(1, :)=Feb_temp*v_DP (k) ;
if prod(Peb_temp(l,:)<=engine_Pmax_vec)
fuelp_temp=polyval(engine_fuel_coeff_vec(:,1) ,max(engine_Pmin_vec,Peb_temp));
if CLAC==0
fuelp_temp(2:end)=0;

end
J_temp(k)=J(j+1,k)+sum(fuelp_temp)*ds_DP/v_DP(k)+beta*ds_DP/v_DP (k) ;

else
J_temp(k)=big_number;
end
% 2 - from higher speed
k=1i;
looping=true;
while looping && k<n_DP




129
130
131
132
133
134
135
136

137
138

139
140
141
142
143
144

145
146
147
148
149

150
151
152
153
154
155
156
157
158
159
160
161
162

163
164
165
166
167
168
169
170
171

172
173
174
175
176

177
178
179
180

181
182

184
185

186
187
188
189

191
192

50

2.8. MATLAB CODE

end

end

end

k=k+1;
Feb_temp(1,:)=vehicle_m_vec’/ds_DP*v_DP(k)*(v_DP(k)-v_DP(i))
+1/2*xro_v*A_v*Cd_vec(:,k)
*v_DP (k) "2+gxvehicle_cr_vec’.*vehicle_m_vec’+vehicle_m_vec’*g*dh/ds_DP;
Peb_temp(1, :)=Feb_temp*v_DP (k) ;
if prod(Peb_temp<=engine_Pmax_vec)
fuelp_temp=polyval(engine_fuel_coeff_vec(:,1)
,max(engine_Pmin_vec,Peb_temp)) ;
if CLAC==0
fuelp_temp(2:end)=0;

end
J_temp(k)=J(j+1,k)+sum(fuelp_temp)*ds_DP/v_DP(k)+beta*ds_DP/v_DP (k) ;
else
J_temp(k)=big_number;
if not(prod(Peb_temp<=engine_Pmax_vec))
looping=false;
end
end

k_max=k;

% 3

k=1i;

- from lower speed

looping=true;
while looping && k>1

end

k=k-1;

Feb_temp(1,:)=vehicle_m_vec’/ds_DP*v_DP (k)*(v_DP (k)

-v_DP(i))+1/2*ro_v*A_v*Cd_vec(:,k)

*v_DP (k) "2+g*vehicle_cr_vec’.*vehicle_m_vec’+vehicle_m_vec’*g*dh/ds_DP;

Peb_temp(1, :)=Feb_temp*v_DP (k) ;

if min(1,sum(Peb_temp>=engine_Pmin_vec))

&& prod(Peb_temp<=engine_Pmax_vec)
fuelp_temp=polyval (engine_fuel_coeff_vec(:,1)
,max (engine_Pmin_vec,Peb_temp)) ;
if CLAC==0

fuelp_temp(2:end)=0;

end
J_temp(k)=J(j+1,k)+sum(fuelp_temp)*ds_DP/v_DP (k)
+betaxds_DP/v_DP (k) ;

else

J_temp(k)=big_number;

if not(min(1,sum(Peb_temp>=engine_Pmin_vec)))
looping=false;

end

end

k_min=k;

% optimal at step j,i
[J(j,1),k_best]=min(J_temp(k_min:k_max));
k_best=k_best+k_min-1;

k_fut(j,i)=k_best;

%% Optimal trajectory
k_init=find(v_DP>=v1_curr,1);
k_opt(1)=k_init;
v_opt(1)=v_DP(k_init) ;
t_opt(1)=t_curr;
feb_opt(end, : )=NaN;
Peb_opt(end, :)=NaN;

for j=2:1:hp_DP

k_opt(j)=k_fut (j-1,k_opt(j-1));
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v_opt (j)=v_DP(k_fut (j-1,k_opt(j-1)));
t_opt(j)=t_opt(j-1)+ds_DP/v_opt(j);

end

for j=2:1:hp_DP
dh=interpl(road_s_vec,road_h_vec,s_opt(j))
-interpl(road_s_vec,road_h_vec,s_opt(j-1));
feb_opt(j-1,:)=(vehicle_m_vec’/ds_DP*v_opt (j)*(v_opt(j)
-v_opt (j-1))+1/2*ro_v*A_vxCd_vec(:,k_opt(j))
*v_opt (j) "2+g*vehicle_cr_vec’.*vehicle_m_vec’
+vehicle_m_vec’*g*dh/ds_DP)./vehicle_m_vec’;
Peb_opt (j-1,:)=feb_opt(j-1,:).*vehicle_m_vec*v_opt(j);

end

t_end=t_opt(end)-t_curr;

v_ave=(s_opt (end)-s_opt(1))/t_end;

v_err=v_ave-ave_v_ref

if v_ave<ave_v_ref
beta_low=beta;

else
beta_high=beta;

end
beta_old=beta;
if isnan(beta_low) || isnan(beta_high)
beta=beta+k_betax*(ave_v_ref-v_ave);
else
beta=mean([beta_low beta_highl);
end
beta_low
beta_high
J_trajectory=J(1,k_init);
if beta_tuning==0;
v_ave=ave_v_ref;
end
toc
end

%% output
s_pc=NaN*ones (hp_DP+40,1) ;
v_pc=NaN*ones (hp_DP+40,1) ;
s_pc_new=s_opt(1:hp_DP);
v_pc_new=v_opt (1:hp_DP);
s_pc_old=Xref_pc_per(:,1);
v_pc_old=Xref_pc_per(:,2);
idex_old_temp=find(s_pc_old<s_pc_new(1l),1,’last’);
if all(idex_old_temp<40) || (isempty(idex_old_temp))
idex_old=41
else
idex_old=idex_old_temp(1);

end
s_pc(1:40)=s_pc_old(idex_o0ld-39:idex_old) ;
v_pc(1:40)=v_pc_old(idex_o0ld-39:idex_old);
s_pc(41:hp_DP+40)=s_pc_new;
v_pc(41:hp_DP+40)=v_pc_new;

Xref_pc_per=[s_pc, v_pcl;
Xref_pc=Xref_pc_per;
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2.8.3 Reference Generator

function [new_sl, new_vl]= For_s_v(sl, vl, InitialPosition,
VehiclellLength, Vehicle2Length, InitialDistanceBetweenVehicles12,
InitialDistanceBetweenVehicles23, v_init)

W = 10000;

persistent Box_sl
9 persistent Box_vl
10 persistent varl

0O Utk W N

12 if isempty(Box_s1)

13 Box_s1 = (InitialPosition+InitialDistanceBetweenVehicles23
14 +Vehicle2Length+InitialDistanceBetweenVehicles12+VehiclelLength)*ones(W,1);
15 end

16 if isempty(Box_v1)

17 Box_v1l = v_init*ones(W,1);

18 end

19 if isempty(varil)

20 varl = 1;

21  end

22

23 if varl <= W

24 Box_si(varl) = si;

25 Box_vi(varl) = vi;

26 varl = varl+i;

27 new_sl = Box_sli;

28 new_vl = Box_vli;

29 else

30 varl = W;

31 templ_s = Box_s1;

32 templ_v = Box_vi;

33 temp2_s = Box_s1;

34 temp2_v = Box_vl;

35 temp2_s(varl) = si;

36 temp2_v(varl) = vi;

37 for i =1 : varl-1

38 temp2_s(varl-i) = templ_s(varl-i+1);
39 temp2_v(varl-i) = templ_v(varl-i+1);
40 varl = varl+i;

41 end

42 Box_s1 = temp2_s;

43 Box_vl = temp2_v;

44 new_sl = Box_sli;

45 new_vl = Box_vli;

46 end

48 function vRef2 = For_vRef2(s2, new_sl, new_vl, vRefParameter)
50 1= 1;

52 while 1

53 if new_s1(i) <= s2 && s2 < new_s1(i+1)
54 vRef2 = (1-vRefParameter)*new_v1(i);
55 break;

56 end

57 i = i+1;

58 if 1 > size(new_s1, 1)

59 vRef2 = (1-vRefParameter)*22;

60 break;

61 end
62 end
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2.8.4 DOB based vehicle controller

function alpha = ToMakeSlope(s, distance, slope)

%When the region of slope is stable,
%if 0 <= s && s <= 1000

% alpha = 0;

Y%elseif 1000 < s && s <= 1500

% alpha = 1/20;

Y%elseif 1500 < s && s <= 2000

% alpha = 0;

Y%elseif 2000 < s && s <= 2500

% alpha = -1/20;

Y%elseif 2500 < s && s <= 3000

% alpha = 0;

Y%elseif 3000 < s && s <= 3700

% alpha = 1/15;

%elseif 3700 < s && s <= 4200

% alpha = 0;

%elseif 4200 < s && s <= 4900

% alpha = -1/15;

Y%else

JA alpha
%end

%Thif is RoadData From Mariefred To Eskilstuna
i=1;
while 1
if distance(i) <= s && s < distance(i+1)
alpha = atan(slope(i));
break;
end
i = i+1;
if i > size(distance, 1)
alpha = atan(0);
break;
end

0;

end

function [d, AirDragForce, RollingResistanceForce, GravityForce]
= ToMakeDisturbance(v, alpha, g, VehiclelCr, M1, Ad, VehiclelAv, CdO )

AirDragForce = - 1./2*%Ad*VehiclelAv*CdO*v~2;
RollingResistanceForce = - VehiclelCr*Ml*g+*cos(alpha);
GravityForce = - Mi*g*sin(alpha);

d = GravityForce + RollingResistanceForce + AirDragForce;

function [uout,umax,umin]= ToMakeSaturation(v, u, VehiclelPmax, VehiclelPmin,
nominal_mass, nominal_Eb, g, nominal Cf, sat_region_on)

VehiclelPmax./(v);
VehiclelPmin./(v) - nominal_mass*nominal_Eb*g+*nominal_ Cf;

umax
umin

if sat_region_on == 1
if 0 <= u && u <= umax
uout = u;
elseif umax <= u
uout = umax;

else
uout = 0;
end
else .
if umin <= u && u <= umax
uout = u;

elseif umax <= u
uout = umax;
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end

else

end

uout

umin;
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