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Recap: so far we have introduced

Block diagrams: boxes and arrows

Different types of controls: open loop (feedforward), closed loop (feedback), mixed

Advantages and disadvantages of these control architectures

Application examples



Exercise 3: identify components of block diagrams 

Beta cells  Insulin  Glucose 

Alpha cells  Glucagon  Glucose  

⇝ ⇝ ↓

⇝ ⇝ ↑

Natural pancreas
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[28], and, thus, state variables of the delayed effect (referred 
to as remote effect) of insulin are
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where x t1 ^ h, x t2 ^ h, and x t3 ^ h (1/min) are the delayed effects 
of insulin on glucose distribution, glucose dispo sal, and the 
endogenous glucose production, respectively; ka1 , ka2 , and ka3  
(1/min) are time constants; St  and Sd  (10−4 min per mU/l) are 
the insulin sensitivities of glucose distribution and glucose 
disposal, respectively; and Se  (10−4 per mU/l) is the insulin 
sensitivity of endogenous glucose production.

Meal-Absorption Dynamics
The absorption of the meal glucose from the gut can be 
modeled as [29]
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where Q tm1 ^ h and Q tm2 ^ h (nmol/kg) are the glucose masses 
in the first and second gut compartments, respectively, u tm ^ h 
(nmol/kg/min) is the amount of ingested glucose (1 g of car-
bohydrate equals 5551 nmol) at time t and is usually assumed 
to be a Dirac function with amplitude calculated from the 
carbohydrate content of ingested meals (that is, meals are 
assumed to be ingested instantaneously), and tmmax  (min) is 
the time-to-peak appearance rate of glucose. The gut absorp-
tion rate U tm ^ h (nmol/kg/min) is obtained as
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Plasma Glucose Dynamics
Glucose kinetics are [26]
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where Q t1 ^ h and Q t2 ^ h (nmol/kg) are the glucose masses 
in the accessible (where measurements are made) and the 
nonaccessible glucose compartments, respectively, F01  
(nmol/kg/min) is the noninsulin-dependent glucose use, 
and EGP0  is the endogenous glucose production extrapo-

lated to zero-insulin concentration. The plasma glucose 
concentration G t^ h (mmol/L) is

 ,G t V
Q t1

=^
^

h
h

where V  is the glucose distribution volume.

(a)

(b)

FIGURE 3 (a) The first insulin pump in 1964, developed by Arnold 
Kadish, and (b) a modern commercial infusion pump (the purple 
device) and a commercial glucose sensor (the white device on 
the right side of the patient’s abdomen) that can form a portable 
artificial pancreas with a controller residing in a handheld 
device or inside the pump. The controller regulates glucose 
concentrations through automatic adjustments of insulin deliv-
ery based on glucose measurements. With a dual-chamber 
pump, the controller could deliver insulin and glucagon (dual-
hormone artificial pancreas). Other commercial pumps and 
sensors exist. [(b) is courtesy of Institut de Recherches  Cliniques 
de Montréal.] 
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Artificial pancreas

Blood glucose sensor Insulin infusion pump

Controller

Objective: keep glucose concentration in blood at desired constant level

Image credit: Institut de Researches Cliniques de Montreal

Question: what kind of “channels” do we have here? 
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Interstitial Glucose Dynamics
Interstitial glucose, which is what the sensor measures, has 
dynamics that can be represented by

 ,G t k G t k G ts s s s=- +o ^ ^ ^h h h  (5)

where G ts ^ h is the interstitial glucose concentration and ks  
(1/min) is a time constant.

CONTROL ALGORITHMS
A wide range of control algorithms have been proposed for 
the artificial pancreas, but only a few have been tested 
experimentally. The algorithms that were tested experimen-
tally fall under three classes of controllers, proportional-
integral-derivative (PID) [30], [32], model predictive control 
[33], [40], and fuzzy control [41], [42]. Model predictive con-
trollers have been the most popular of the three, likely 
because they can more easily handle input constraints (non-
negative insulin infusions) and because the model can handle, 

in a straightforward manner, meals, insulin boluses, and 
insulin absorption delays. PID controllers have been linked to 
the dynamics of pancreatic (beta cells) insulin secretion in 
response to varying glucose levels in healthy individuals. 
However, in healthy individuals, insulin is secreted directly 
into the portal vein (no absorption delay) [2], while the artifi-
cial pancreas delivers insulin subcutaneously (see the section 
“Slow Insulin Absorption”). Consequently, the resulting con-
trol problems (and overall system dynamics) are substantially 
different. The suitability and the relative merits of model pre-
dictive control vis-a-vis PID for closed-loop glucose control 
have been debated in the literature [43], [44].

Only controllers that were experimentally tested will be 
discussed in the next sections. Discussing the large body of 
literature based on simulation studies is out of the scope of 
this article. Controllers tested in only simulations include 
H∞-controllers [45], sliding-mode controllers [46], neural-
network controllers [47], linear parameter-varying control-
lers [48], and robust controllers [49].

Meals Meal Absorption
Dynamics (3)

Plasma Glucose
Dynamics (4)

Interstitial Glucose
Dynamics (5)

Noise

Gs(t )

Ip(t )

Um(t ) G(t )

x1(t ), x2(t ), x3(t )

Insulin Action
Dynamics (2)

Insulin Absorption
Dynamics (1)

Feedforward
Controller

Feedback Controller

Insulin

Insulin

+

+

FIGURE 4 A block diagram of the single-hormone closed-loop system. System dynamics are decomposed into insulin-absorption 
dynamics (subcutaneous tissue), insulin-action dynamics (on endogenous glucose production, glucose transport, and glucose dis-
posal), meal-absorption dynamics (from the gut), plasma-glucose dynamics, and sensor dynamics. The controller has both feedback 
and feedforward components. The feedback controller delivers insulin based on glucose levels in a reactive manner, and the feedfor-
ward controller delivers insulin in anticipation of changes in glucose concentrations due to meal ingestion. The feedback and feedfor-
ward controllers may communicate with each other.

Type 1 diabetes accounts for 5–15% of approximately 366 million worldwide 
patients with diabetes, and its incidence is increasing at a rate of 3.9% per year.

Authorized licensed use limited to: Univ of Calif Santa Cruz. Downloaded on July 04,2021 at 00:15:09 UTC from IEEE Xplore.  Restrictions apply. 
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Image credit: A. Haidar, The artificial pancreas: how closed-loop control is revolutionizing Diabetes, IEEE Control Systems Magazine, Oct. 2016
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[28], and, thus, state variables of the delayed effect (referred 
to as remote effect) of insulin are
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where x t1 ^ h, x t2 ^ h, and x t3 ^ h (1/min) are the delayed effects 
of insulin on glucose distribution, glucose dispo sal, and the 
endogenous glucose production, respectively; ka1 , ka2 , and ka3  
(1/min) are time constants; St  and Sd  (10−4 min per mU/l) are 
the insulin sensitivities of glucose distribution and glucose 
disposal, respectively; and Se  (10−4 per mU/l) is the insulin 
sensitivity of endogenous glucose production.

Meal-Absorption Dynamics
The absorption of the meal glucose from the gut can be 
modeled as [29]
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where Q tm1 ^ h and Q tm2 ^ h (nmol/kg) are the glucose masses 
in the first and second gut compartments, respectively, u tm ^ h 
(nmol/kg/min) is the amount of ingested glucose (1 g of car-
bohydrate equals 5551 nmol) at time t and is usually assumed 
to be a Dirac function with amplitude calculated from the 
carbohydrate content of ingested meals (that is, meals are 
assumed to be ingested instantaneously), and tmmax  (min) is 
the time-to-peak appearance rate of glucose. The gut absorp-
tion rate U tm ^ h (nmol/kg/min) is obtained as
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Plasma Glucose Dynamics
Glucose kinetics are [26]
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where Q t1 ^ h and Q t2 ^ h (nmol/kg) are the glucose masses 
in the accessible (where measurements are made) and the 
nonaccessible glucose compartments, respectively, F01  
(nmol/kg/min) is the noninsulin-dependent glucose use, 
and EGP0  is the endogenous glucose production extrapo-

lated to zero-insulin concentration. The plasma glucose 
concentration G t^ h (mmol/L) is

 ,G t V
Q t1

=^
^

h
h

where V  is the glucose distribution volume.
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FIGURE 3 (a) The first insulin pump in 1964, developed by Arnold 
Kadish, and (b) a modern commercial infusion pump (the purple 
device) and a commercial glucose sensor (the white device on 
the right side of the patient’s abdomen) that can form a portable 
artificial pancreas with a controller residing in a handheld 
device or inside the pump. The controller regulates glucose 
concentrations through automatic adjustments of insulin deliv-
ery based on glucose measurements. With a dual-chamber 
pump, the controller could deliver insulin and glucagon (dual-
hormone artificial pancreas). Other commercial pumps and 
sensors exist. [(b) is courtesy of Institut de Recherches  Cliniques 
de Montréal.] 
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Image credit: M. Li, and Y. Bao, Methods for Interpreting Continuous Glucose Monitoring Graphs, Continuous Glucose Monitoring, pp. 35-46, 2018



Signals  functions of time≡

The Concept of Signals

x(t) y(t)

Continuous time Discrete (sampled) time

Other names for “signal”: “trajectory”, “time series” (usually for discrete time)

t0
t1
t2
t3

S(t0)
S(t1)
S(t2)
S(t3)

⋮ ⋮

t S(t)



We can have a collection of different signals

Continuous time Discrete (sampled) time

x1(t)
x2(t)
x3(t)

⋮
xn(t)

t0
t1
t2
t3

S1(t0)
S1(t1)
S1(t2)
S1(t3)

⋮ ⋮

t S1(t)

called a “vector”/“array” of functions

S2(t)

⋮
⋮

⋮
⋮

Sn(t)
S2(t0)
S2(t1)
S2(t2)
S2(t3)

⋮ ⋮ ⋮

Sn(t0)
Sn(t1)
Sn(t2)
Sn(t3)



Signals in control systems

Feedback controller Actuator Process/plant
Feedback control Actual outputDesired output Error

Sensor
Measured output

+

-

Feedforward controller
Feedforward control Process noise/disturbance

Measurement noise/disturbance

Actuation noise/disturbance


