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Robust Saturated Control for Low-Power Circuits

C. Albea, F. Gordillo and C. Canudas de Wit

Abstract—An important issue in the trends of minia-
turization of Systems on Chips (SoCs) is to obtain
a high energy efficiency. This can be reached by Dy-
namic Voltage Scaling (DVS) architectures as the novel
discrete Vdd-Hopping circuit. Generally, this kind of
systems present parameter uncertainties and delays.
Likewise, current peaks and energy dissipation must
be reduced.

In this paper, an optimal and robust saturated con-
trol law is proposed for this Vdd-Hopping circuit via
Lyapunov-Krasovskii theory that ensures asymptotic
stability as well as system robustness with respect
to delay presence and parameter uncertainties. The
closed-loop system presents a regional stabilization
due to the actuator saturation. An estimation of an
attraction domain is provided. This controller also
limites the current peaks and it provides an energy-
aware performance. The advantages achieved with this
controller are shown in simulation.

I. INTRODUCTION

The continuous miniaturization of Systems on Chips
(SoCs) is possible from emerging studies about energy
saving in Very-Large-Scale Integration (VLSI), especially
in portable electronics devices. Dynamic Voltage Scaling
(DVS) [1] is a powerful method to reduce the power
consumption in micro-circuits and in nano-circuits. The
principle of DVS approach is to adapt levels of supply
voltage for reducing power consumption. This kind of
architectures adapt the core voltage, v., of the cluster at
the minimum performance level required by the process
activity [2]. Generally, a DVS circuit is implemented by in-
tegrated dynamic DC-DC converters [3], [4], [5]. However,
these DC-DC converters can present some limitations in
fine grain. This is the reason why new discrete circuits with
reduced size have been developed based on DVS [6], 7],
as Vdd-Hopping circuit [8]. This structure allows changing
the drain supply voltage level (Vy4) in nano-circuits in high
speed.

The main control problem for Vdd-Hopping circuit is
the adaptation for various loading conditions, achieving
high efficiency over a wide load-current range, what is
critical for extended battery life. Likewise, other control
objectives are to provide a correct and reliable operation
during the switches transitions, i.e., small current peaks,
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faster transient periods, system stability and robustness
with respect to delays and parameter uncertainties. In-
deed, Vdd-Hopping circuits implemented in these SoC
structures present delays at the input and output of its
control block [9]. The control block input delay is required
to ensure that the system is synchronized with the cluster
clock. In the same way, there is a control block output
delay associated with computational issues. Moreover, the
presence of parameter uncertainties can generate a non-
desirable performance and lack of reliability of the system.
Other additional and relevant issue is to limit current
peaks and energy consumption. In summary, delay pres-
ence, parameter uncertainties, current peaks and energy
consumption must be considered in the design of the
controller.

In this paper, an optimal and robust saturated control
law for the Vdd-hopping circuit is proposed in discrete
time. This controller limites high current peaks. It provides
an efficient tracking capability to handle two voltage levels
required by the cluster. As a side effect, it also has high
energy-efficiency, achieving fast transient periods. The sys-
tem is rewritten into a suitable state-space representation
to formulate an optimal and robust problem that can be
solved by using Lyapunov-Krasovskii theory [10], [11]. In
this process, the saturation in the controller is considered
[12], [13]. The designed controller guarantees asymptotic
stability as well as robustness of the system with respect
to delays and uncertain parameters. The problem is ex-
pressed in terms of Linear Matrix Inequalities (LMIs).
Likewise, an attraction domain is estimated in such a way
that a regional stabilization for the saturated control is
guaranteed. The robustness properties of the closed-loop
system are tested by some simulations.

An evaluation and comparison of this controller with
respect to an ‘intuitive’ controller presented in [6] is per-
formed.

The rest of this work is organized as follows: in Sec-
tion II, the error equation of the Vdd-hopping system
is presented as well as the proposed control law. The
robustness and optimization problem statement is pre-
sented in Section IIT and in Section IV, a control design is
developed. The control gains are computed in Section V,
being tested by simulations in Section VI. A comparison
of this controller is performed in Section VII. The work
closes with a section of conclusions.

Notation. For a given z € R,

M if z>M
satM(z) 2 2 if m<z<M
m if x<m.

and round(z) is the nearest integer to z. Az = 2t — 2~



is the value of = in two consecutive sampling time. For a
given set S, Co(S) denotes the convex hull of S.

II. ERROR EQUATION OF THE VDD-HOPPING CIRCUIT

In [8] a discrete circuit that handles two-voltage levels
with a Vdd-Hopping technique accomplishing a DVS ar-
chitecture was presented.

The Vdd-Hopping circuit is constituted by: a high volt-
ages supply, V4,; a low voltage supply, V;; a group of PMOS
transistors connected in parallel between the V}, and the
core voltage, v., and a PMOS transistor that connects
the V; to v. when the low voltage level is the steady-
state. This reduces the dissipated energy when the unit
running is at low speed. The group of PMOS transistors
connected in parallel allow evolving the output voltage
from a low voltage level to a high voltage level (rising
transient period) and from a high voltage level to a low
voltage level (falling transient period). The steady state
must correspond to a high voltage level or a low voltage
level. For simplicity, the low voltage supply, V;, as well as
its PMOS transistor of connection with v, are disregarded
for control design purposes. The main objective is to
ensure that v, achieves the two voltage levels by switching
the PMOS transistors. The sketch of this circuit is shown
in Fig. 1. In this configuration, at least, one transistor must
always be switched on.

The load model taken in this work is an impedance
which depends on the clock frequency, f.r, and sometimes,
also on v, [14]. Tt is composed of a current supply, [jear,
a capacitance, C, and a dynamic resistance, Rr(fuk, ve),
representing the dynamic and short-circuit consumption.
Ijeqr is assumed constant.
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Fig. 1: Vdd-hopping, voltage supply and load.

Assumption 1: PMOS transistors are modeled as ideal
resistors, Ry, when they are switched on and, as resistors
with infinite resistance when they are switched off. They
are considered to have the same electrical characteristic.

In the steady state, the maximum and minimum voltage
are V, — Ay and V; — Ay, respectively. Ay, A; € R depend
on several factors and are difficult to estimate. These
variables catch the PMOS model errors, current variations,
supply voltage and the resistive losses through the PMOS
transistors switched on.

Assumption 2: Ay, A; are small with respect to v., and
they do not change the system stability properties.
The voltage loop equation yields the relationship
Vh — Uc

O (1)

A . .
where R,, = 5—27 being w; the number of transistors

switched on, thus, uy, € U = {1,2,..N} and it is the control
variable.

The discrete Vdd-hopping circuit is connected to a load
that can be modeled as an impedance depending on the
core voltage, v.. In this work, the load model presented in
[14] is employed:

dv,

v,
=_= + Ileak + OE (2)

Il(v(/’) - RL

Consider ey £ v, — v, where v, is a constant voltage
reference and v, is the sampling core voltage. Now, from
Egs. (1), (2), the approximate discrete-time voltage error
equation is

ert1 = (L =TsB)er +Tsb(vy — Vi )uy + T (Bv, + 0 — buger),
3)
whereﬁéﬁ>0,5éhﬁTa’“>0andbéﬁlc>0.Ts
must be less or equal to the smaller +—. The approximate
time-discretization (3) is performed by using the forward
Euler method, by assuming that the sampling time is small
enough to the system evolution.
A proposed controller for this system is based on a linear
controller [15]:

Uy = Sativ {ug—1 + round (K Aey, + Koeg_1)}. (4)

Control (4) presents a simple enough structure such that
it requires a small space in the silicon. The saturation
function is due to the control signal constraint mentioned
before. The control objective is to achieve a set-point
reference signal. An approximate control structure for the
Vdd-Hopping circuit that manages the current peaks is
patent pending under the name of ENergy-AwaRe Control
(ENARC) [16].

III. PROBLEM STATEMENT

Here, the problem statement is formulated rewriting the
closed-loop system of (3) in a state-space form considering
delays, uncertain parameters and current peak reduction.

Figure 2 shows the Vdd-Hopping circuit including de-
lays. The system has a hg-sample-period delay at the
control block input and a hi-sample-period delay at the
control block output, as mentioned before.
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Fig. 2: Block diagram of the circuit control system.



The open-loop system is

ext1= (1= TsB)ex + Tsb(vr — Vi)ug—n, + Ts(Bvr +9)
—0Tsup—p, ek, (5)
and the considered Control (4) is
Ug_n, = saty {ug_1_p, +round(Kwxy_p)}, (6)
where h = hy + hy, p_p = [ex—n ex—1-n)7 and K =
[K1 Ks], where K 2 K, and Ky 2 Ky — K.

For simplicity, the control variable uy is considered a
real number. Thus,

Uk—h, = satf[{uk,l,hl + ka,h}
=satN {up_1_n, + Aup_n, }, (7)

A rigorous analysis should take u; € Z. Note that if
Aug_p, is bounded above, then, from Eq. (1), the max-
imum current peaks (Aug_p, = VhR_OUC Al [17]) are
limited. For this purpose, the quadratic cost functions

max )

o0
T = (xf Qup + Auj_; RAuk_p,) (8)
k=0
must be minimized. Note that the positiveness of the
matrices @ and R implies that Jj is strictly positive.

On the other hand, the parameters R;, Ry and C
that define 8, b and 0 can be considered uncertain. Each
uncertain parameter is within an uncertainty interval,
whose corresponding extremes are

. CelCcm oM,

e Ry € [ T?Rﬁ/l] )

e Ry € Ry, RY.

Remark 1: The asymptotic stability of system (5) is
guaranteed in a point within an uncertainty interval for
the low level voltage, Z;, and within an uncertainty interval
for the high level voltage, Zj,, bounded by

R (ug, Vi — Rgnfzeak)] ©)
ur, RY' + R{

Ry (ur, Vi — Ra”hm)]m)
uthﬁ/I + Ry’

7,2 {R?(uleh — R Ticar)
ug, R7* + Rév‘[ ’
7, & RY (u,, Vi — RY Lear,)
h = up, RM 1 RM )
n L 0

ug, and uy, are the lower-bound and the upper-bound of
uy, respectively.

Consequently, the main objective is to design the op-
timal gain K in such a way that Control (6) is robust
with respect to delays as well as parameter uncertainties.
Likewise, this optimal gain K must guarantee asymptotic
stability and minimum current peaks for the known con-
stant delays, hy and ho.

A. Alternative representation for the saturated control (7)
and the error equation (5)

Firstly, some lemmas are given to rewrite the saturated

control (7) and an alternative form.
Define xr_n 2 |Uk—1—h
Th—h

directly depends on zy = [ey,

. Note, from Eq.(5), ug—1-p,

€k_1]T.

Lemma 1: [18], let K,G € R ? be given. For all,
Xk—h € R3xLif Xk—h € {Xk—n € RM3 . 1 Glxk—n €
[l N]}, then

saty {1 Glxi-n} € Co{[l Klxp—n, [1 Glxu—n}-

(Il

Lemma 2: Assume that there exists G € R™2, ¢ > 0

and ¥ £ diag{p, P}, where P\ > 0 € R? p > 0 € R!
such that for any xr_pn € X, where

X={Xb-n: Xbn¥Uxh-n < '}, (11)
then, 1 < up_1-p, + Gxr—p < N, and Control (7) admits
the following representation

Uk—hy = [ (Uk—1-ph, + KTr_p)
+(1 — o) (up—1-n, + Grg—p)]
=[ug—1-n, + xKzp_p + (1 — or)Grp_p)]
= [Up—1-ph, + Ur—n),
where ug_p, = (OékK + (1 — Olk)G)J?k_h with oy € [O, 1],
for all k& > 0. O
Then, Eq. (5) can be rewritten
er+1 = (1 = TsB)ex + Tsb(vy — Vi) (Ug—1—-h, + Ur—n)
+ Ts(ﬂw + 5) — stuk_hlek. (12)

B. State-space representation

The saturated control law and error equation, as rede-
fined before, allow to system (5) rewrite it in a state-space
form.

From Eq. (5) ,

€kt+1 — (1 — Tsﬂ)ek — TS(B’UT —+ 5) —+ stuk_hlek
st(UT — Vh) ’

Uk—hy; =

and, therefore
€L — (1 - T56>6k,1 - Ts(ﬁvr + 6)
Teb(vr - Vh)
bTsup—1—h, €r—1
st(v,. - Vh) ’
which substituted in Eq. (12) gives
ery1 =2 —TsB)er — (1 — Tsf)er—1 + Tsb(vy — Vi)Ug—n

—st(uk,hlek —uk717h16k71)4 (13)

Uk—1—hy =

From Lemma 1 and 2, Eq. (13) can be rewritten in the

following matrix form:
Thp1 = A(Uk—ny s Uk—1-hy )Tk + Blig_p, (14)

where

A2 {2 — T8 — Tsbug—p, T8 -1+ stuk—l—h1:|
1 0 ’

pa {TSb(UTO_ Vh)} .

Ug—p, and up_1_p, of matrix A are treated as uncertain
parameters in Section IV-D. Their values will be inside the
uncertainty interval [1, N].

TPy is a positive matrix defined to guarantee system stability.



C. Stability and optimization problem

Equation (14) can be rewritten in the following explicit
closed-loop form.

Tpt1 = Axy + B(Osz + (1 — Oék)G).’ﬂk_h, (15)
T = (],51, vl e [—h,O] (16)
2z = Ixy, (17)
with C € [Cm,CM] , Ry, € [RZL7R2M] , Ry € [RgL7RéVI],
Uk—hys Uk—1—h; € [1, N] (18)
Qi € [Oa 1]1 (19)

and where zj, 2z, € R? are the state vector and controlled
output, respectively. ¢; is the initial condition and h > 0 €
R is a fixed and known delay.

Problem 1: The problem is to find a X(p, P1,c), some
robust vectors G and K, such that

a) Lemma 2 holds and, hence, the closed-loop system
(14) and

b) there exists a Lyapunov-Krasovskii functional V}, >
0, a cost function Ji > 0 such that Viyy1 — Vi + Ji
along the solution of (15) fulfills

Vir1 — Vi + Ji < 0. (20)

O
The solution to this problem minimizes a performance
index that, among other considerations, limites high cur-
rent peaks. Moreover, this solution guarantees the system
stability for the time-delay system (15)—(17).

IV. OPTIMAL ROBUST SATURATED CONTROL DESIGN

A mathematical manipulation of Eq. (15) is performed
via a descriptor model transformation [19]. The descriptor
approach is just a variable change, which makes easier to
work with Lyapunov-Krasovskii functional [20].

A. Descriptor model transformation

Equation (15) is manipulated in order to achieve the
previous objectives. A descriptor model transformation is
applied.

Define y;, £ xpy1 —xk, Up = Zf;kl_h y;. Next, rewrite
Eq. (15) in the descriptor form [19]:

Th+1| _ Yk + Tk
0 —yr + Az — xp + Blagp K 4+ (1 — ag)G)xg—p
From xzp_p, = xp — i, this system can be compactly

written as:

_ = 0
where
is I, I
A+B(Ole+(1—ak)G) _I2 _I2 ’

E £ diag{Iy,0,}, 712 Bk} :
k

B. Condition for state-space representation

Condition a) of Problem 1 is satisfied, if

1 <up—i-n, + Grr—p < N, Vyxp—n € X (22)

given in (11) is guaranteed.
Subtracting £+ in inequality (22) and from [21], it is
seen that, it is necessary satisfy

2N — 2> N(1 + cxf_p, Prag_p + cup_y_ppug—1-p) — 2

>dug_1-p + 4G _p — 2(N + 1) (23)
From Lemma 2, relationships (23) correspond to
1 I'sn -2 -2 1
Fuk_1-p, -2 cNp 0 Tugp—1-n, | >0
+al |—2GT 0 NP +rn_p
(24)
This inequality is satisfied if
[ ¢ -2 -2Y
A2 | —2  p3N? 0 | >0 (25)
—2y" 0 3N?P

Note that this LMI is equivalent to (24) by means of
employing the Schur’s complement, defining ¥ £ GQ,
with Q, € R? which is Hermitian, applying P, = Q1 P,Q,
and pre- and post-multiplying by diag{1,1, @1}.

C. Stabilization and optimization

For simplicity, assume here a nominal value of: oy, ug—_p,
and ug_1—p,. In next subsection (18)—(19) will be consid-
ered as uncertain inside a convex polytope. Condition b)
of Problem 1 can be formulated in terms of Linear Matrix
Inequalties (LMIs) [10]. Fulfillment of condition (20) is
looked for. Iy

a |1172

Define P = [Pz 0

}, being P, Hermitian. Consider as
Lyapunov-Krasovskii candidate

Vi = Vl,k + Vz,k + Vg’k, (26)
being
Viy =2i EPEZ,, P, >0 (27)
h k-1
Var=>_ > u Ry, R>0 (28)
n=1i=k—n
k—1
Va g = x] Sz;, S >0, (29)
i=k—h

where V), guarantees asymptotic stability of system
(21) without delays. Delay-dependent as well as delay-
independent criteria are considered in Vs and Vi, re-
spectively [10], [11].

Next, a sufficient condition for asymptotic stability and
minimization of a performance index that, among other
considerations, limites high current peaks, is derived.

Theorem 1: Consider system (15)—(17) with nominal
value of: ag, up—p, and ugp_i1—p,- b > 0 € Nis a



known constant delay and K,G € R*2. If there exist
Q,R,S,R,P, >0¢€R? and ¢, 1 > 0 such that

ming W
PL>0 (30)
r<o (31)
—/1,12 02 IQ 02
A P
* * * —hR— S
A>0 (33)

where T' is defined in Eq. (34), found at the top of next
page, then the equilibrium of the closed-loop system (15)—
(17) is asymptotically stable and the current peaks are
limited.
Proof: The goal is to satisfy Vi1 — Vi + Ji < 0 for
system (21).
Lyapunov-Krasovskii method yields:
V17k+1 — ‘/1’]@ = {fZ+1EPE.fk+1 — ffEPEa_:k
= {:zfAT —¢f0 arK"BT +(1- ak)GTBT]}
= 0 T _
P {A‘”k - [akBK r(1- ak)BG} wk} — Tk EPEDy

0 ¥
axBK + (1 — ay)BG| *F

—pi [0 axK"BT + (1 — ay,)GTBT|PAzy,.

=z [ATPA — P\|z, —zL AP {

From (28) and Jensen Inequality [22]:

h
Va1 — Var =hyf Ry — Y yb— o Ryk—n

n=1
_7 10 0| _ 1
Finally,

Vi ki1 — Var =} Sy — xf_pSar_p
=a} Sir + YL Sai, — YL S

These developed expressions and Eq. (8) are applied
to inequality (20), in such a way that the LMIs (31) are
obtained.

On the other side, summing (20) from n = 0 to oo, it is
obtained

o]

D Virt =Vi+ Ji) = Voo =Vo+ Y Ju==Vo+ ) Ju <0.
k=0 k=0 k=0
Thus, > e Jk < Vo < [Zo  ¢o]M[Zo 100]T, where M £
P+ S -5
-5 hR+ S
to minimize any p > 0, such that, M < ply, [23]. From
this inequality and applying the Schur’s complement LMI
(32) is obtained. ]

. To minimize the trace of M means

D. Control design

Now, consider uncertain parameters given in Section III
and (18)—(19). For this purpose, Theorem 1 is extended in
the case of polytopic uncertainties.

Denote

Qé[A BK A Uk—hy uk_l_hl]

and assume that Q € Co{;,

Q= zn: 29y,
j=1

and being the vertices of the polytope described by €; =
(A0 BOK o o, |, ]for j=1,2,..,64

Pre- and  post-multiplying LMI  (31) by
Q = diag{Q1,Q1,Q1} and apply the Schur’
complement. Pre- and post-multiplying LMI (32) by
Q = diag{lg,IQ,Ql,Ql} and taking Q1 = P2_1 > 0 and
pl = Q1P1Q1, R = QlRQl, S = leQl, the fOHOWng
sufficient condition is achieved.

Theorem 2: Consider system (15)—(17) with h > 0 € N
is a known constant delay and K, G € R'*2, If there exist
T,Y € R?*! and Q; € R? with K = TQ;", G = YQ7',
Q,R,R,P,,S>0€cR?for j=1,...,64 and ¢, u > 0 such
that

j=1,...,64} namely

n
for all, 0<A\; <1, Y A =1

j=1

ming W
pl >0 (35)
¥ <o j=1,...64, (36)
—‘LLI2 02 12 02
I ":I“' B Q?Q_ 5 153 <0, (37)
* * * —hR - S
A>0 (38)

being TW) defined in (39), found at the top of next page,
are satisfied. Then, in the vertices j, the equilibrium is
asymptotically stable as well as the current peaks are
limited in the entire polytope.

Proof: This is an extension of Theorem 1 for poly-
topic uncertainties with some mathematical manipula-
tions. Therefore, this theorem proof follows Theorem 1
proof. [ ]

Remark 2: This robust control tuning method is con-
servative due to the definition of the matrix P, as well as,
the attraction domain, X.

Corollary 1: Gain K, obtained from T and @7 in Theo-
rem 2, fulfills Theorem 1 and consequently guarantees both
robust stability and minimization of the current peaks for
a fixed delay.

As future work an optimization of the ellipsoid X will
be interesting to perform.

V. ROBUST CONTROL RESULT

In this section, the robust control gains for Control (7)
are computed by employing the approach above. The Vdd-
Hopping circuit parameters given in [8] and the load model
parameter given in [14] are reported. Therefore, N = 24
is taken as the total number of PMOS transistors. The
voltage supply is Vj, = 1.2V. The reference signal, v,, is a
step between the low voltage level V., = 0.8V —¢;, and the
high voltage level V,, = 1.2 — €, being €, = 0.06V and



o _ 0 S—=
T _ : = _ AT
& |ATPA— EPE + diag{Q + E,hR} ATp B(oszﬁ—(l—ak)G)} - [ 0 ] (34)
* -+R-S+E
2= (K + (1 — ) ) R( KT + (1 — a)GT)
Y1y aPBOT-(1-a)BYY +5 @@ ER 0
« P, —20Q1+hR 0 0 0 0
. R_3g =
o) & | * * —5 =5 0 O ER| s-1,..64 (39
* * -9 0 0
* * -R R
* * * * R
where

=02 (I + (1 - af)Y)
T 20,A07 L AOQ, — 20, + o TT BU
T 2 P+ QA0 —2Q, + oW TTBO" 4 (1 -

)T

e, = 0.01 (V,, = V). These parameters comes from the
equilibrium of Eq. (3). The system resistances are R;, =
27.7Q0 and Ry = 31.41%), the capacitance is C = 9nF,
while Ijeqr = 1.67 - 1073, The clock frequency is taken
feik = 200M Hz and Ts = 1.67ns. This introduces an one-
sample-period delay (h; = 1) in the control block output
due to a power-performance trade-off. Likewise ho = 2,
thus h = 3.
The uncertain parameters take the following ranges:

o transistor characteristic, Ry, from 252 to 382,
o load dynamic resistance, Ry, from 55.53(2 to 72.46¢),
« load capacitance, C, from 1pF to InF.
And, Q = diag{10, 10}, R = diag{1000, 1000}.
Then, optimization problem is resolved, obtaining

K;=-049, K,=0.72.
This was obtained for ¢ = 1.1, p = 4.6 - 10!°, G =
o001 0.0002] .
(<015 082] and P = | 0000 gsns| © 0%

Note that even if the control constant tuning is conser-
vative, there is a feasible solution.

VI. SIMULATION RESULTS.

Some simulations show the robustness of the optimal
saturated control law proposed for the Vdd-Hopping cir-
cuit. Likewise, a comparison between the performance
achieved with the control gains obtained in this paper
with respect to another control gains obtained in [15]
is performed. These simulations are done by using the
parameter values given in Section above.

A. Uncertain PMOS resistance

In this kind of systems, the electrical characteristic of
the PMOS can suffer changes due to temperature changes.
In Fig. 3 the simulation is performed increasing the
value of the PMOS resistance by 20%. The system in the

+ (1 - aWYTBOT L oW BOT 4 (1 - aV)BOY
al(gj))yTB(j)Tv

low voltage level converges to 0.78V, which is inside the
interval given by (9), Z; = [0.74V, 0.86V]. Likewise, the
high voltage level converges to 1.133V, which is inside the
interval given by (10), Z, = [1.132V, 1.155V]. These
tests show that the equilibrium is robust with respect
to parameter uncertainties and delays. And, the current
peaks are small.
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Fig. 3: Ry = 31.41Q — Ry = 37.7Q, K1 = —0.47, K5 =

0.68. Evolution of the: a) number of transistors switched
on, b) v, (dashed) and v, (solid), ¢) current I;.

B. Uncertain load parameter

Another example shows that system performance is
sensitive to the values of K; and K.

The capacitance employed during the control design
and the previous simulations has been C' = 1InF. In the
following, it is desired to validate the system robustness
when C = 1pF, i.e., 1000 times smaller. The lack of
knowledge of the load in the real applications of these



systems may imply this change of three order of magni-
tude. Some simulations are shown using the robust control
gains computed in this paper (Fig. 4) and the control gains
computed in [15] (Fig. 5), which are K; = —19.3 and
Ko = 39.27. These gains were computed linearizing the
closed-loop system around the set point. K = [Kj, K>)]
are defined by ensuring that A + BK is Hurwitz and
placing the poles by trial and error, in such a way, that the
nonlinear system presents a suited behaviour. Note that,
in Fig 5, the system does not respond to voltage variation.
However, in Fig. 4 the system performance is satisfactory.
This example shows the great robustness of the system
when the robust control tuning is employed.
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Fig. 4: C = 1InF — C = 1pF and K; = —0.47, Ky = 0.68.
Evolution of the: a) number of transistors switched on, b)
vy (dashed) and v, (solid), ¢) current ;.
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Fig. 5: C = InF — C = 1pF and K; = —19.3, Ks =
39.27. Evolution of the: a) number of transistors switched
on, b) v, (dashed) and v, (solid), ¢) current I;.

VII. COMPARISON WITH THE ‘INTUITIVE’ CONTROLLER
OF [8]

A comparison is performed between the controller pre-

sented here and the ‘intuitive’ controller proposed in [8]:

uy, = sat] {ug_1 + sign(ex)}. (40)

A. Voltage and current performance

Control (40) switches on or off one transistor according
to the sign of the error voltage signal. Therefore, this
controller has the limitation that one only transistor can
be switched on or off at every sampling time. On the other
side, v, follows a linear time evolution between V; = 0.8V
and V., = 1.12V with a slope specified in [8] equal to
1.015106V/s. A simulation of this controller is performed
by using the parameter values given in Section VI. This
simulation is shown in Fig. 6,. Note that, the performance
presents an oscillatory behavior, with important current
peaks. In addition, transient periods are slower and occurs
significant current peaks in comparison with Control (4).
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Fig. 6: ‘Intuitive’ control. Evolution of: a) number of
PMOS transistors switched on, b) v, (dashed) and v,
(solid), c) current. I;.

B. Energy evaluation

In the set of PMOS, the dissipated energy in the tran-
sient period depends on the kind of control law employed,
i.e., on the switching sequence. The purpose here is to
evaluate the energy cost associated with the set of PMOS
transistors during the rising transient period using Control
(4) and the ‘intuitive’ controller proposed in [8] (assume
that the falling transient period is similar). An estimation
of the PMOS transistors during the transient period is

tr

Ed = / (Vh — UC)Ildt,
to

where ¢ is the initial time and ¢y is the final time in such

transient period.

Figure 7 shows the dissipated energy during the rising
transient period. Note that the energy consumption is
much higher using the controller proposed in [8] than using
Control (4). More precisely, this energy consumption has



been reduced from 7.2uJ to 0.34uJ, i.e., 95% reduction.
Notice that a nonsmooth behavior of the current transient
and a larger transient period may result in a higher energy
consumption.

x107°
i

a~

Intuitive control

Energy (J)

Control (4)

\

3.5
x 107

Fig. 7: Energy dissipated during the rising transient pe-
riod.

VIII. CONCLUSIONS

In this paper an optimal and robust saturated controller
was designed for the time-delay Vdd-hopping circuit. This
optimal controller minimizes a performance index that,
among other considerations, limites high current peaks.
As side effect, this controller improves the dissipated
energy and it achieves fast transient periods. The system
is rewritten in a suited state-space representation, such
that, an optimal and robust problem can be formulated
to tune the control gains. This problem is dealt with
Lyapunov Krasovskii theory, which provides some stability
conditions through Linear Matrix Inequalities (LMIs).
Consequently, a robust equilibrium stability as well as a
robust disturbance rejection under parameter uncertain-
ties are ensured for the time-delay system. The method
also takes into account the control saturation estimating
an attraction domain.

The closed-loop system robustness is shown by means of
some simulations. Likewise, a comparison of the obtained
control tuning design with respect to an ‘intuitive’ con-
troller presented in [8] is performed. The robust control
tuning design leads to higher controller gains but they are
valid with respect to the saturation limits.

ACKNOWLEDGMENT

The authors want to thanks Dr. Alexandre Seuret for his
value comments. In addition, the authors are also grateful
to the anonymous reviewers of this paper for their valuable
comments and suggestions.

This research was partially funded by the ARAVIS
project, the French ministry of research and scholarship
and by the Spanish MICINN-FEDER grant DPI2009-
09961.

(4]

[5]

[6]

[7]

(8]

[9]

(10]

(11]

(12]

(13]

14]

(15]

(16]

(17]

(18]

(19]

20]

(21]

(22]

23]

REFERENCES

A. Chandrakasan and R. Brodersen, Low power digital CMOS
design. Kluwer Academic Pub, 1995.

T. Burd and R. Brodersen, “Design issues for dynamic voltage
scaling,” in in Proc International Symposium on Low Power
Electronics and Design. ACM, 2000, pp. 9-14.

G. Wei and M. Horowitz, “A fully digital, energy-efficient,
adaptive power-supply regulator,” IEEE Trans. on Solid-State
Clircuits, vol. 34, no. 4, pp. 520528, 1999.

G. Patounakis, Y. Li, and K. Shepard, “A fully integrated on-
chip DC-DC conversion and power management system,” IEEE
Trans. on Solid-State Circuits, vol. 39, no. 3, pp. 443-451, 2004.
A. Dancy, R. Amirtharajah, and A. Chandrakasan, “High-
efficiency multiple-output DC-DC conversion for low-voltage
systems,” IEEE Trans. on Very Large Scale Integration (VLSI)
Systems, vol. 8, no. 3, pp. 252263, 2000.

V. Gutnik and A. Chandrakasan, “Embedded power supply for
low-power DSP,” IEEE Trans. on Very Large Scale Integration
(VLSI) Systems, vol. 5, no. 4, pp. 425-435, 1997.

S. Lee and T. Sakurai, “Run-time voltage hopping for low-
power real-time systems,” in Proc. Annual Design Automation
Conference. ACM, 2000, pp. 806—809.

S. Miermont, P. Vivet, and M. Renaudin, “A Power Supply
Selector for Energy-and Area-Efficient Local Dynamic Voltage
Scaling,” Lectures Notes in Computer Science, vol. 4644, p. 556,
2007.

M. Klein, J. Lehoczky, and R. Rajkumar, “Rate-monotonic
analysis for real-time industrial computing,” IEEE Computer,
vol. 27, no. 1, pp. 24-33, 1994.

E. Fridman and U. Shaked, “Delay-dependent H;j,f control of
uncertain discrete delay systems,” FEuropean Journal of Control,
vol. 11, no. 1, pp. 29-39, 2005.

K. Gu and S. Niculescu, “Stability Analysis of Time-Delay
Systems: A Lyapunov Approach,” Advanced Topics in Control
Systems Theory, Lecture Notes from FAP, pp. 139-170, 2005.
E. Fridman, A. Seuret, and J. Richard, “Robust sampled-data
stabilization of linear systems: an input delay approach,” Auto-
matica, vol. 40, no. 8, pp. 1441-1446, 2004.

Y. Cao, Z. Lin, and T. Hu, “Stability analysis of linear time-
delay systems subject to input saturation,” IEFEE Trans. on
Circuits and Systems I: Fundamental Theory and Applications,
vol. 49, no. 2, pp. 233240, 2002.

S. Miermont, “Controle distribué de la tension d’alimentation
dans les architectures gals et proposition d’un sélecteur dy-
namique d’alimentation,” Ph.D. dissertation, Institute National
Polytechnique de Grenoble, December 2008.

C. Albea, C. Canudas-de Wit, and F. Gordillo, “Control and
stability analysis for the Vdd-hopping mechanism,” In Proc.
IEEE Conference on Control Applications (CCA ), 2009.

C. Albea and C. Canudas-de Wit, “Dispositif de commande
numérique pour un tableau de transistors pmos en parallele,”
Patent Number:08/07342.

C. Albea, F. Gordillo, and C. Canudas de Wit, “High perfor-
mance control design for dynamic voltage scaling devices,” IEEE
Trans. on Circuits and Systems I: Regular Paper, no. 99, pp. 1—
1.

T. Hu and Z. Lin, Control systems with actuator saturation:
analysis and design. Birkhauser, 2001.

E. Fridman and U. Shaked, “A Descriptor System Approach to
Ho, Control of Linear Time-Delay Systems,” IEEE Trans. on
Automatic Control, vol. 47, no. 2, pp. 253-270, 2002.

, “An LMI approach to stability of discrete delay systems,”
In Proc. of the European Control Conference, 2003.

E. Fridman, A. Pila, and U. Shaked, “Regional stabilization and
Hoo control of time-delay systems with saturating actuators,”
International Journal of Robust and Nonlinear Control, vol. 13,
no. 9, pp. 885-907, 2003.

K. Gu, V. Kharitonov, and J. Chen, Stability of time-delay
systems. Birkhauser, 2003.

P. Millan, L. Orihuela, C. Vivas, and F. Rubio, “An optimal con-
trol Lo-gain disturbance rejection design for networked control
systems,” in Proc. IEEE American Control Conference (ACC),
2010. 1EEE, 2010, pp. 1344-1349.




