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Abstract

We propose to merge together techniques from control theory and machine learning to design a
stable learning-based controller for a class of nonlinear systems. We adopt a modular adaptive
control design approach that has two components. The first is a model-based robust nonlinear
state feedback, which guarantees stability during learning, by rendering the closed-loop system
input-to-state stable (ISS). The input is considered to be the error in the estimation of the
uncertain parameters of the dynamics, and the state is considered to be the closed-loop output
tracking error. The second component is a data-driven Bayesian optimization method for
estimating the uncertain parameters of the dynamics, and improving the overall performance
of the closed-loop system. In particular, we suggest using Gaussian Process Upper Confidence
Bound (GP-UCB) algorithm, which is a method for trading-off exploration-exploitation in
continuous-armed bandits. GP-UCB searches the space of uncertain parameters and gradually
finds the parameters that maximize the performance of the closed-loop system. These two
systems together ensure that we have a stable learning-based control algorithm.
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Abstract

We propose to merge together techniques from control theory and machine learning to design a stable learning-based
controller for a class of nonlinear systems. We adopt a modular adaptive control design approach that has two compo-
nents. The first is a model-based robust nonlinear state feedback, which guarantees stability during learning, by ren-
dering the closed-loop system input-to-state stable (ISS). The input is considered to be the error in the estimation of the
uncertain parameters of the dynamics, and the state is considered to be the closed-loop output tracking error. The second
component is a data-driven Bayesian optimization method for estimating the uncertain parameters of the dynamics, and
improving the overall performance of the closed-loop system. In particular, we suggest using Gaussian Process Upper
Confidence Bound (GP-UCB) algorithm, which is a method for trading-off exploration-exploitation in continuous-armed
bandits. GP-UCB searches the space of uncertain parameters and gradually finds the parameters that maximize the per-
formance of the closed-loop system. These two systems together ensure that we have a stable learning-based control
algorithm.!
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1 Introduction

There are much common problems between the fields of control engineering and reinforcement learning, as is mainly
practiced in computer science. A central problem in both is to make a sequence of decisions in order to ensure that a
dynamical system behaves in a desired manner. This high-level similarity notwithstanding, there are noticeable differ-
ences between the goals and methodologies of these two fields. Without attempting to characterize the differences in this
short paper, we focus only on one crucial difference between them, and that is the prominent importance of stability in
control engineering. This is understandable as many applications of control engineering are safety-critical. Proving that
a controller (i.e., policy) makes the dynamical system stable, especially when there are uncertainties about the dynamics,
requires making certain assumptions about the system. The challenge is to make as few assumptions as possible while
still being able to guarantee the stability. On the other hand, methods in machine learning, in general, and reinforcement
learning, in particular, are often capable of providing good solutions with minimal assumptions about the underlying
system. Their guarantees, if there is any, is often in the form of suboptimality of the solution, which does not necessarily
translate into the stability of the resulting policy.

We would like to have a controller design methodology that brings the best of these worlds together. Ideally, such a
methodology can work with a large class of problems and can incorporate the prior knowledge about the system (which
is often available in many engineering problems). The designed controller must be guaranteed to be stable, so it can be
used in safety-critical problems. Its performance should also gradually improve while interacting with the environment.
In this paper, we introduce such a method, which merges together a model-based controller and a data-driven machine
learning algorithm. The model-based controller is designed to ensure stability, while the data-driven module improves
the performance of the closed-loop system over time. More specifically, we use tools from indirect modular adaptive
nonlinear control design and the Bayesian optimization technique of Gaussian Process-Upper Confidence Bound (GP-
UCB) [Srinivas et al., 2010].

We take the indirect modular approach to adaptive nonlinear control design, e.g., Krstic et al. [1995]; Wang et al. [2006];
Benosman and Atinc [2013]; Atinc and Benosman [2013]; Benosman [2014]. In the indirect approach, a controller is
designed by assuming that all the parameters of the dynamical system are known (certainly equivalence principle) while
an estimator is used to estimate the unknown parameters online. When the design of the estimator is independent
of the designed controller, the approach is called “modular”. The proposed modular adaptive control uses a robust
model-based nonlinear controller to ensure the stability of the system—in the input-to-state stable (ISS) sense. The
learning-based algorithm, GP-UCB in particular, estimates the uncertain parameters of the dynamical system in order to
maximize the performance.

Our approach can be seen as solving a continuous-armed bandit problem in which each action corresponds to a set of
parameters passed to a controller design mechanism. By defining the reward signal as the closed-loop performance of
the controller for the selected action, we may use GP-UCB, a method for trading-off exploration-exploitation in the bandit
setting, to orchestrate the selection of actions, and thus improving the closed-loop performance.

We would like to note that a modular design that combines model-based control and a model-free algorithm, in particular
an extreme seeking-based (ES) algorithm, has been proposed before [Haghi and Ariyur, 2013; Benosman and Atinc, 2013;
Atinc and Benosman, 2013; Benosman, 2014; Xia and Benosman, 2015]. The limitation of the ES-based algorithm is that it
converges to a local minimum. GP-UCB, on the other hand, has a guarantee, in the form of a no-regret compared to the
global optimum.

2 Problem Formulation

We consider a large class of affine uncertain nonlinear systems of the form
i = () + Af(ta) + gla)u, o
y = h(x),

where z € R"*, u € RP, y € R™ (p > m), represent the state, the input and the controlled output vectors, respectively.

The vector field A f(¢, z) represents the additive model uncertainties. The vector fields f, A f, columns of g and function
h satisfy the following assumptions.

Assumption Al

e The function f : R” — R™ and the columns of g : R™ — R? are C* vector fields on a bounded set X of R™ and
h:R™ — R™ is a C* vector on X. The vector field Af(z) is C* on X.

e System (1) has a well-defined (vector) relative degree {r, r2, ---, r,,} at each point z° € X, and the system is
linearizable, i.e., > " r; = n.

o The desired output trajectories y;4 (1 < i < m) are C* functions of time, relating desired initial points y;4(0) at
t = 0 to desired final points y;4(ts) att = ¢;.



The goal is to design a state feedback adaptive controller such that the output tracking error is uniformly bounded, with
an upper bound that is a function of the estimation error of the uncertain parameters. Meanwhile, the estimation error
is gradually being decreased by the model-free learning algorithm. Note that the goal of the learning algorithm is not
stabilization but rather performance optimization, i.e., the learning improves the parameters’ estimation error, which in
turn improves the output tracking error. To achieve this control objective, we proceed as follows: First, we design a robust
controller that guarantees input-to-state stability (ISS) of the tracking error dynamics w.r.t. the estimation errors input
(Section 3). Then, we combine this controller with a model-free learning algorithm to iteratively estimate the uncertain
parameters, by online optimizing a user-selected cost function (Section 4).

3 Controller Design

The controller design has two steps. First, we design a stabilizing controller under nominal conditions, i.e., when
Af(t,x) = 0. Then we design a robust controller that ensures that the tracking error is guaranteed to be bounded
even when we have estimate error in the parameters of the system.

Under the nominal condition Af(¢, ) = 0, it is well know (cf. Khalil [2002]) that system (1) can be written as
y" () = b(E(1) + AED)ult), @

where y™)(t) = [yi"(), 55" (0), -y ()T, €(0) = [€(0). - €mW)T, and €(1) = [wilt), -,y ()] for
1 < ¢ < m. The functions b(¢) and A(§) can be written as functions of f, g and h. A(§) is non-singular in X, where X is
the image of the set of X by the diffeomorphism = — £ between the states of system (1) and the linearized model (2). To
deal with the uncertain model, we need to introduce one more assumption on system (1).

Assumption A2 The additive uncertainties A f(¢, z) in (1) appear as additive uncertainties in the input-output linearized
model (2) as follows:

y" (1) = bEW) + AED)u(t) + Ab(t, £(1)), (3)
where Ab(t,¢) is C' w.r.t. the state vector £ € X.

It is well-known that the nominal model (2) can be easily transformed into a linear input-output mapping. We can first
define a virtual input vector v(t) as

v(t) = b(E()) + A(E(H))u(t). )
Combining (2) and (4), we obtain the following input-output mapping;:
y" (1) = v(). (5)
Based on the linear system (5), it is straightforward to design a stabilizing controller for the nominal system (2) as
Un = Ail(é‘) [Us(ta 6) - b(ﬁ)] ) (6)
where v; is a m x 1 vector and the i-th (1 < i < m) element v;; is given by
v = v = KLY =) = = K= i), )

If we denote the tracking error as e;(t) = y;(t) — yia(t), we obtain the following tracking error dynamics
eg”)(t) + Kﬁie(”_l)(t) 4t Kfei(t) =0, (8)

where i € {1,2,...,m}. By properly selecting the gains K’ (i € {1,2,...,m} and j € {1,2,...,r:}), which exist under
certain assumptions, we can obtain global asymptotic stability of the tracking errors e;(t). Refer to [Benosman and
Farahmand, 2016; Benosman et al., 2016] for the detail. It can be shown that there exists a positive definite matrix P > 0
such that (see e.g. Khalil [2002])

ATP+PA = —1 9)

where A € R"*" is a diagonal block matrix given by A = diag{fll, A, ..., flm}, and A; (1 <i<m)isar; x r; matrix
given by

0 1
0 0 1
i; = :
: : 1
—Ki —K} -K}



We now build a robust ISS controller for the uncertain model with Af(¢,z) # 0. The corresponding exact linearized
model is given by (3) where Ab(¢,£(t)) # 0. The global asymptotic stability of the error dynamics (8) cannot be guaran-
teed anymore due to the additive uncertainty Ab(t, £(t)). We use Lyapunov reconstruction techniques to design a new
controller so that the tracking error is guaranteed to be bounded given that the estimate error of Ab(t,£(t)) is bounded.

The new controller for the uncertain model (3) is defined as uy = w, + u,, where the nominal controller u,, is given
by (6) and the robust controller u, will be defined shortly. By plugging-in this controller in the dynamics (3), we obtain

y () = bE() + AE()us + Ab(t,E() = b)) + A1) un + A(E())ur + Ab(t,E(2))
= vs(t,6) + A(E(1))ur + Ab(E, £(1))- (10)
This leads to the following error dynamics
3 = Az + BS, (11)
where A is defined as above (9), § is a m x 1 vector given by § = A(£(t))u, + Ab(t,&(t)) and the matrix B € R**™ is
- ~ ~ 7T ~ -
givenby B = [BlT . Bnﬂ where each B; (1 < i < m) is given by a r; x m matrix such that B;(l,q) = 1 forl = r; and

q = i, and 0 otherwise. If we choose V (z) = z Pz as a Lyapunov function for the dynamics (11), where P is the solution
of the Lyapunov equation (9), we obtain

V(t) = %—‘Z/z‘ = = T(ATP + PA)z +2:T"PBs = —|2||> + 22T PBo. (12)

Next, we design the controller u, based on the form of the uncertainties Ab(t,£(t)). More specifically, we consider here
the case when Ab(t, £(¢)) is of the following form

Ab(t,§(t)) = E Q& 1), (13)
where E € R™*™ is a matrix of unknown constant parameters, and Q(¢,t) : R™ x R — R™ is a known bounded function
of state and time variables. We denote the estimate of £ by E(t) and the estimate error by egp = FE — E. We define the
unknown parameter vector A = [E(1,1),..., E(m,m)]T € R™, i.e., concatenation of all elements of E, its estimate is
denoted by A(t) = [E(1,1), ..., E(m,m)]”, and the estimation error vector is given by ea(t) = A — A(t). We now define
the following robust controller:

= — ATHOIBTPQE ) + E(MQE 1) (14)
The closed-loop error dynamics can be written as
= f(t,zen), (15)
where e () is considered to be an input to system (15).

Theorem 1. Consider the system (1) and assume that Assumptions Al, A2 hold, Ab(t,&(t)) satisfies (13), and the gains Kj’
stabilize (8). If we apply the feedback controller uy = u, + u, (cf. (6) and (14)) to the uncertain nonlinear dynamical system (1),
the closed-loop system (15) is ISS from the estimation errors input e (t) € R™ to the tracking errors state z(t) € R™.

4 GP-UCB-based Uncertainties Estimation

The robust controller in the previous section ensures that the closed-loop system is ISS. The performance of the system,

however, depends on the estimate ﬁ(t) used in the robust controller design (14). There are various ways to define the
performance measure. For example, for a finite horizon 0 < Ty < oo, we may define it as

J(ﬁ) _ /OTf

in which e(t; 3) and us(t; ﬁ) are the tracking error and the control signal when A is used to design the controller.

—~_ 112 —~ 12
e(t;A)H —|—Huf(t;A)H dt, (16)

To guide the search for A leading to a high-performance controller, we propose to use GP-UCB [Srinivas et al., 2010].
GP-UCB is a Bayesian approach for stochastic optimization, i.e., the task of finding the global optimum of an unknown
function when the evaluations are potentially contaminated with noise. GP-UCB balances the exploration-exploitation
in the continuous-armed bandit setting and has a guarantee in the form of cumulative regret bound.

We briefly describe GP-UCB following the original paper [Srinivas et al., 2010]. Consider the cost function J : D — R to
be minimized, e.g., (16). This function depends on the dynamics of the closed-loop system, which itself depends on the



parameters A used in the controller design (14). A Gaussian Process (GP) [Rasmussen and Williams, 2006] is defined by
its mean function u(A) = E {J(ﬁ)} and covariance function (or kernel) K(A;, Ay) = Cov(J(A;), J(As)). An example of

1A —As | )
212

the kernel function is K(A;, Ay) = exp(— the squared exponential kernel with length scale I > 0.

The combination of GP-UCB and the controller design method of Section 3 works 1terat1ve1y Suppose that we are at
iteration 7 = 1,2,... and we have already selected the set of parameters AT 1 = {Al,Ag, ...,A_1} C D. For each
i=1,...,7—1, we have also observed the noisy evaluation y; = J(AZ) + n; with n; ~ N(0, 02) being i.i.d. Gaussian

noise. The value of y; is obtained after using 32 to design the robust controller (cf. (14)) and running the closed-loop
dynamical system with the control signal vy = u, + u, (cf. (6) and (14)).

GP-UCB requires the computation of the posterior mean and variance of the GP given data. Suppose that initially we
started with GP(0,K), a GP with zero prior mean. We find the posterior mean and variance for a new point A* € D
as follows: Denote the vector of observed values by y._1 = [y1,. .. ,¥r—1]7 € R™™1, and define the Grammian matrix
K e R"1*7= 1l with [K lij = K(A;,A,), and the vector K, = [K(A,, 3*) . K(A, _,,A%)]. The expected mean j,_1(A*)
and the variance JT_l(A ) of the posterlor of the GP evaluated at A* are (cf. Section 2.2 of Rasmussen and Williams
[2006]) p1r—1(A%) = K, [K + 021] y-—1 and o2_, (A*) = K(A*,A*) — K] [K + 021] "K.. At iteration 7, the GP-UCB
algorithm selects the next query point A, by solving the following optimization problem:

~

A; argmin fi, - 1(A) — B0, 1(A). (17)
AepD

Here (3. depends on the choice of kernel among other parameters of the problem [Srinivas et al., 2010]. This process

repeats. The optimization problem (17) is often nonlinear and non-convex. Nonetheless, solving it only requires query-

ing the GP, which in general is much faster than querying the original dynamical system. This is important when the

dynamical system is a physical system and having as few number of interactions as possible is crucial.

5 Conclusion

We used tools from machine learning and modern control engineering to design an adaptive robust controller for a class
of nonlinear systems. The designed controller is guaranteed to be input-state stable, while the Bayesian optimization
technique allows its performance to improve. We have empirically studied this approach for the control of a two-link
manipulator with favourable results [Benosman and Farahmand, 2016]. One of the main advantages of the proposed
controller, compared to the existing model-based adaptive controllers, is that we can estimate multiple uncertainties at
the same time even if they appear in the model equation in a challenging structure, e.g., linearly dependent uncertainties
affecting only one output, or uncertainties appearing in a nonlinear term of the model, which are well-known limitations
of the model-based estimation approaches.
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