
Exploiting the Nonlinear Structure of the Antithetic
Integral Controller to Enhance Dynamic

Performance

M. Filo, S. Kumar, S. Anastassov and M. Khammash

Department of Biosystems Science and Engineering, ETHz

December 6, 2022



Robust Perfect Adaptation (RPA)

Maurice Filo (ETHz) CDC 2022 December 6, 2022 1 / 14

Process

Regulated
Output

Actuation
Input



Robust Perfect Adaptation (RPA)

Maurice Filo (ETHz) CDC 2022 December 6, 2022 1 / 14

Robust Steady-State Tracking
or RPA in biology



Framework for Biomolecular Feedback Control

Maurice Filo (ETHz) CDC 2022 December 6, 2022 2 / 14

Reference r
(Setpoint)

Controller
Input u Plant

(Controlled Process)

Output y

(Actuating)

(Sensing)

Disturbance



Framework for Biomolecular Feedback Control

Maurice Filo (ETHz) CDC 2022 December 6, 2022 2 / 14

Reference r
(Setpoint)

Controller
Input u Plant

(Controlled Process)

Output y

(Actuating)

(Sensing)

Disturbance

Plant

Controller

X1 XL

Z1 ZM

+/-ve
Actuation Sensing

N := (X, S, λ)

Scl =







λcl(x, z) =
[ ]T



Framework for Biomolecular Feedback Control

Maurice Filo (ETHz) CDC 2022 December 6, 2022 2 / 14

Reference r
(Setpoint)

Controller
Input u Plant

(Controlled Process)

Output y

(Actuating)

(Sensing)

Disturbance

Plant

Controller

X1 XL

Z1 ZM

+/-ve
Actuation Sensing Scl =




Plant Rxns︷ ︸︸ ︷
R1 R2 · · · RK

Controller Rxns︷ ︸︸ ︷
R1

c R2
c · · · RKc

c

Actuation

0

Sensing

X1

X2

...

XL−1

XL





X

0

Z1

...

ZM





Z




λcl(x, z) =
[ ]T



RPA ⇐⇒ Antithetic Integral Feedback (AIF) Control

Briat, C., Gupta, A., & Khammash, M. (2016). Antithetic integral feedback ensures
robust perfect adaptation in noisy biomolecular networks. Cell systems, 2(1), 15-26.
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Biomolecular PID Controllers

Chevalier, Michael, et al. “Design and analysis of a proportional-integral-derivative controller with biological molecules.” Cell systems

Alexis, Emmanouil, et al. “Biomolecular mechanisms for signal differentiation.” Iscience

Modi, Saurabh, et al. “Noise suppression in stochastic genetic circuits using pid controllers. “PLoS Computational Biology

Whitby, Max, et al. “PID control of biochemical reaction networks.” IEEE Transactions on Automatic Control

Paulino, Nuno MG, et al. ”PID and state feedback controllers using DNA strand displacement reactions.” IEEE Control Systems Letters
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Alternative PIDs based on Different Integrators

Ni, X. Y., Drengstig, T., & Ruoff, P. (2009). The control of the controller: molecular mechanisms for robust perfect
adaptation and temperature compensation. Biophysical journal

Briat, C., Zechner, C., & Khammash, M. (2016). Design of a synthetic integral feedback circuit: dynamic analysis and
DNA implementation. ACS synthetic biology
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ż1 = µ− ηz1z2
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ż1 = µ− ηz1z2
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ż2 = θx2 − ηz1z2
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ẋ1 = u− γ1x1

Controller Dynamics
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Genetic Implementations: Anastassov, S., Filo, M. G., Chang, C. H., & Khammash,
M. (2022). Inteins in the Loop: A Framework for Engineering Advanced Biomolecular
Controllers for Robust Perfect Adaptation. bioRxiv.
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