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Abstract

As the “artificial pancreas” becomes closer to reality, automated insulin delivery based on real-time
glucose measurements becomes feasible for people with diabetes. This paper is concerned with the
development of novel feedforward-feedback control strategies for real-time glucose control and type
1 diabetes. Improved post-meal responses can be achieved by a pre-prandial snack or bolus, or by
reducing the glucose setpoint prior to the meal. Several feedforward-feedback control strategies
provide attractive alternatives to the standard meal insulin bolus and are evaluated in simulations
using a physiological model.
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1 Introduction

Diabetes is a metabolic disease characterized by elevated concentrations of blood glucose for
prolonged periods of time, i.e., hyperglycemia. Glucose is the main sugar in the blood and is
the body's main source of energy. For healthy individuals, glucose is regulated within narrow
limits by insulin secretions from the pancreas. Diabetes is the result of defects in insulin
production, insulin action, or both [1]. Chronic, untreated hyperglycemia can lead to serious
complications that include cardiovascular diseases, blindness, kidney failure, and stroke.
Furthermore, very low values of blood glucose (hypoglycemia) for even a short duration can
result in loss of consciousness and coma. Thus, the maintenance of normal glucose
concentrations (euglycemia) is of critical importance for both diabetic and non-diabetic
individuals [2].
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Approximately 21 million people in the United States have diabetes, according to a 2005 U.S.
Government estimate [1]. In 2002, diabetes was the sixth leading cause of death and had an
estimated total cost of $132 billion [3]. There are two basic types of diabetes mellitus, type 1
and type 2. Type 1 diabetes mellitus is characterized by failure of the pancreas to secrete insulin
secondary to the auto-immune destruction of the islet-cells. It was formerly referred to as
juvenile onset diabetes but can occur at any age. Type 1 diabetes accounts for approximately
5-10% of all cases while type 2 diabetes accounts for 90-95% [1]. In order to survive, persons
with type 1 diabetes require exogenous insulin administration delivered by injection or by
continuous subcutaneous insulin infusion (CSII) via a pump. An extensive, long term study
[4] has demonstrated that intensive diabetes therapy aimed at achieving near normoglycemia
reduces the complications of type 1 diabetes. It also significantly reduces the long-term
incidence of cardiovascular disease [5]. Intensive therapy for diabetes was also associated with
an increase in the frequency of severe hypoglycemia.

Type 2 diabetes is a disease characterized by a dual defect: 1) by insulin resistance which
prevents cells from using insulin properly, and 2) degrees of reduced pancreatic insulin
secretion. Type 2 diabetes is associated with certain ethnic groups, obesity, family history of
diabetes, and physical inactivity, among other factors.

Whether the treatment modality for type 1 diabetes is multiple daily insulin injections or
continuous subcutaneous insulin infusion (CSII) delivered via a pump, both modalities
necessitate blood glucose (fingerstick) measurements throughout the day in order to determine
insulin doses for meal times; in addition, one to three injections or programmed continuous
infusion of short—acting or rapid—acting insulin via CSII are required to maintain euglycemia
between meals. For type 1 diabetes, euglycemia has been difficult to achieve due to the
infrequent blood glucose measurements, patient variability, and changes in insulin sensitivity
due to exercise or stress (psychological, physical or hormonal). Consequently, there has been
considerable interest in developing an artificial pancreas, a portable (or implantable)
automated insulin delivery system that consists of three components: a glucose sensor which
provides frequent measurements (e.g., every five minutes), an insulin infusion pump, and a
control algorithm which calculates the appropriate insulin dosage for the current conditions.

During the past 30 years, a variety of glucose control strategies based on continuous and
intermittent glucose sensing has been reported. Since this literature has been reviewed in recent
survey articles [6-12], we will not present a detailed review here. Most of the relevant literature
has been concerned with variations of proportional—-integral-derivative (PID) control
algorithms that are used in conjunction with an insulin injection (or bolus) at meal time. The
magnitude of the insulin bolus is typically based on the individual's estimate of the carbohydrate
content (CHO) of the meal. A PID control strategy is attractive for glucose control because it
mimics the first and second phase responses that the pancreas beta cells use to secrete insulin
in response for non-diabetic individuals to the continuously sensed glucose [9]. In recent years,
model-based control strategies such as model predictive control (MPC), adaptive control [6,
13-18], optimal control [19], neural networks [20,21], and H-infinity control [22,23], have
been proposed and evaluated in simulation studies. A few experimental applications of MPC
have also been reported [16,17,24]. Glucose control strategies can be updated on an infrequent
basis (e.g., daily) using a “run—to—run” control approach [25,26]. A grading system for glucose
control has also been proposed [27].

This paper is concerned with the development of several novel feedforward-feedback glucose
control strategies for type 1 diabetes. Controller performance is evaluated in a simulation study
for a physiological model and realistic conditions that include inaccurate estimates of the
carbohydrate content of the meal, changes in insulin sensitivity, and different meal sizes.
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Measurement noise and delay, and sensor dynamics can also be accommodated, as
demonstrated in related studies [28,29].

2 Physiological model

Many physiological models have been proposed that describe glucose and/or insulin dynamics
[24,30-34]. In this paper, the simulation studies are based on the model developed by Hovorka
et al. [24] and the modifications reported by Wilinska et al. [33]. This model will be referred
to as the “Hovorka model”. It represents the relationship between input variables, subcutaneous
insulin infusion rates (basal and bolus), and the output variable, intravenous glucose
concentration. This model also includes a submodel for meal ingestion. The Hovorka model
is a nonlinear compartmental model with three subsystems for glucose, insulin, and insulin
action. The model consists of three compartments: plasma glucose, subcutaneous and plasma
insulin, and insulin action. Both insulin and glucose compartments are divided into two
subsystems. The insulin action describes the physiological effect of insulin on glucose
transport, removal and endogenous production. The values of the model parameters were
determined from experimental data for both normal and diabetic subjects [35]. Model constants
were defined to be those quantities difficult to identify, while model parameters were a
priori identifiable.

The nonlinear behavior of the dynamic model to changes in basal insulin and gut glucose
absorption is indicated by the responses for a 75 kg person in Figure 1. Although this model
has been effectively used in several studies [6], [24], it can result in non-physiological responses
for some conditions. For example, large (but reasonable) basal infusion rates can produce an
extended postprandial phase and meaningless negative G values [36].

3 A PID switching control strategy

A variety of PID control strategies have been developed for diabetes and described in survey
papers and articles [7-9,11,37-39]. Most of the related evaluations have been based on
simulation studies but experimental applications to dogs and humans have also been reported.
Several authors have considered PD controllers with heavy weighting on the derivative action
[40,41]. Integral action is often omitted in order to reduce potential over-dosing and
hypoglycemia. However, integral action is also desirable to accommodate unanticipated patient
changes (e.g., insulin sensitivity). PID controllers have also been used in conjunction with
“sliding scales” that partition blood glucose levels into several ranges [42]. The PID controller
calculates the insulin infusion rate that is released by the pump into subcutaneous tissues.

In a recent study [28,29] the authors proposed and evaluated a novel PID plus meal bolus
control strategy for type 1 diabetes. The key features are:

i. A switching strategy for determining when to initiate PID control action after a meal
and insulin bolus;

ii. A novel time-varying trajectory for the glucose setpoint;

iii. A limit on the integral control action that greatly reduces the possibility of insulin
over-dosing and hypoglycemia.

The new control strategy was compared to four alternatives in a simulation study and was
shown to be superior for both insulin sensitivity changes and meal challenges with poor CHO
estimates [28,29]. In the present paper, novel feedforward control strategies are considered for
use with feedback control strategies. Thus, it is appropriate to briefly summarize the new PID
control strategy here. Additional details are available elsewhere [28].

The PID control algorithm is expressed in velocity form:

J Process Control. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marchetti et al.

Gyp (k'):{ (G (k*) — 80mg/dL) exp (—%)+80mg/dL otherwise,

Page 4

Au(k)=K.[e(k)—e(k—1)] +che(k) +[Dk)-Dk-1)],
1 (1)

where Au(k) = u(k) — u(k — 1), k [min] is the sampling instant, and the derivative term is:

TD
D(k) =Dk ~1) =K (e (k) = 2e (k— 1) +e (k- 2). o

Constants K¢, 7p and 7 are the controller parameters, and At = 5 min is the sampling period.
The controller error is defined as:

e(k)=Gp (k) = G (k). ®)

where Ggp is the desired glucose setpoint.

Next, we indicate why a switching strategy for the PID control algorithm is desirable. Improved
glucose control for combined meal challenges and poor CHO estimates can be achieved by
starting the PID controller after the meal and bolus occur. However, the specification of the
switching time is important. If the PID controller is started too early, hypoglycemia (G < 60
mg/dL) can occur. On the other hand, if the PID controller is switched on too late, the
postprandial glucose peak may be very large and slowly decrease to the setpoint value. In this
study, the desired glucose range is considered to be 60 to 150 mg/dL with a target value of 80
mg/dL. Simulation studies for the Hovorka model in Section 2 have indicated that an effective
switching strategy is obtained if the P1D controller is started when one of two criteria is satisfied
[28]:

i. G reaches its peak value;
ii. G >150 mg/dL and dG/dt > 1.5 mg/dL min.

The 150 mg/dL threshold was selected because it is the peak value of G for a 60 g CHO meal
and a correct bolus. The rate-of-change limit of 1.5 mg/dL min was chosen to be greater than
the maximum rate of change for this same situation. The threshold values in criterion (ii) are
patient and meal size dependent.

Next, we consider the rationale for using a time-varying setpoint. During the postprandial
period, the blood glucose concentration is expected to increase, and then decrease.
Consequently, it is appropriate to have a time-varying setpoint, Ggp, that reflects this expected
behavior [9,42]. The following strategy has been devised. When the PID controller is initiated,
Ggp should be set equal to the current measurement, G, and then eventually decrease to the
desired value of 80 mg/dL. However, for the case of a CHO under-estimate, G is still increasing
when the PID controller is switched on. Thus, it would be inappropriate to force G to decrease
right away. Extensive simulations have demonstrated that an appropriate setpoint trajectory is:

80mg/dL if G (k") < 80mg/dL
(4)

where k* =k — kg, ks [min] is the switching instant, and zgp [min] is a time constant that
serves as a design parameter. For k* <0, Gg, = G. In order to avoid unexpected hypoglycemia,
a lower limit of 80 mg/dL was specified for Ggp. The time-varying setpoint trajectory defined
in (4) has the following properties:

a. Itis affected by the actual value of G for every k*;

b. It varies from G(k* = 0) to 80 mg/dL;
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4 Pre-prandial insulin adjustments

The conventional approach for regulating postprandial glucose profiles is for the subject to
introduce an insulin bolus at meal time via injection or insulin infusion pump. The magnitude
of the insulin bolus is based on the estimated CHO meal content and a specified insulin-to-
CHO (I/C) ratio. On the other hand, studies [43-47] have demonstrated that postprandial
glucose profiles can be improved by pre-prandial administration of a portion of the meal insulin
bolus, i.e., a pre-bolus. In this section, we consider alternative strategies for administration of
a pre-bolus in conjunction with feedback control.

As motivation for the proposed pre-prandial strategies, we first consider some simulation
results for the Hovorka model and the conditions in the previous section. The glucose response
of a 75 kg patient was simulated for a nominal meal with 60 g of CHO and an insulin bolus of
3.16 U. Figure 2 shows the glucose responses (G) and insulin profiles (u) for the feedback
control strategy of the previous section and initial glucose steady-state values of 80, 70, and
60 mg/dL, respectively. For the same meal uptake, low initial glucose values result in lower
peak values, as would be expected. The peak magnitude, defined to be the difference between
the maximum and initial glucose values, was also somewhat reduced for low initial values.
Figure 3 demonstrates that administering 20% of the insulin bolus 60 minutes prior to the meal,
i.e., apre-bolus, slightly reduces the peak magnitude. Although the strategies depicted in Figs.
2 and 3 improve the postprandial glucose profiles, very low initial glucose levels are not
desirable because they can lead to postprandial hypoglycemia for unforeseen conditions.

The effect of a pre-prandial snack, with and without feedback control, is illustrated in Figure
4wherea5g CHO meal snack occurs at time t =—2 h. After the snack, the glucose concentration
increases and the feedback controller takes corrective action by releasing more insulin. Att =
0, the regular 60 g meal and the corresponding insulin bolus occur, and the PID controller is
temporarily shut off. The controller is started again at t = 1.5 h when the second switching
criterion of the previous section is satisfied. It is somewhat surprising that the pre-prandial
snack and PID control reduce the peak magnitude by 20% compared to the no snack situation.
This improvement is a result of the induced insulin that is delivered by the PID controller.
These simulation results suggest that improved postprandial glucose profiles can be achieved
if the subject has a small snack before the main meal, and feedback control is utilized. Because
it is not always convenient or feasible for the subject to take a snack prior to a meal, alternative
approaches will be considered next.

The preliminary results in Figs. 2-4 demonstrate that improved postprandial glucose profiles
can be obtained by reducing the pre-prandial glucose level or by pre-prandial insulin delivery
(e.g., the result of a small snack and feedback control). Based on these insights, two methods
are proposed for effective pre-prandial insulin delivery.

Method (i) A pre-prandial glucose setpoint change is made during PID control;
Method (ii) Both a pre-prandial setpoint change and an insulin pre-bolus are introduced.

The rationale for these proposed two methods is as follows. A gradual pre-prandial setpoint
change and conservative controller settings reduce the glucose level by increasing the insulin
infusion, while minimizing the possibility of hypoglycemia. For example, 60 minutes prior to
a meal the glucose setpoint could be ramped down from the nominal value of 80 mg/dL to a
pre-prandial value of 60 mg/dL over a period of 20 minutes. If a pre-bolus were introduced,
the meal insulin bolus would be reduced accordingly so that the total insulin (pre-bolus plus
meal bolus) is still based on the estimated meal CHO content. In order to determine a reasonable
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magnitude for the pre-bolus, different values were evaluated for use with the ramp setpoint
change. The results in Fig. 5 represent a worst case scenario where a pre-bolus is introduced
but no meal is actually consumed. A pre-bolus of 2 U produces a hypoglycemic condition,
while a value of 1 U can be safely used.

The meal challenge results for Methods (i) and (ii) are shown in Fig. 6. The best results are
achieved when the setpoint change is introduced without a pre-bolus (i.e., Method (i)). It results
in the largest glucose peak reduction, the smallest area under the postprandial glucose curve,
and the shortest settling time. These improvements are due to the larger pre-prandial insulin
delivery provided by Method (i) at meal time, as indicated in Fig. 7. In summary, Method (i)
improves the postprandial glucose response by reducing the pre-prandial glucose setpoint in a
safe, controlled manner. A pre-prandial bolus of insulin is not required. Even if the anticipated
meal is postponed or not consumed, the subject's glucose concentration is still maintained at a
safe level.

5 Gain scheduling of the insulin—to—CHO ratio (I/C)

As indicated in Section 3, the insulin bolus for a meal is typically calculated by multiplying
the estimated CHO content of the meal, by a specified insulin-to-CHO ratio (I/C). For example,
in order to obtain an acceptable glucose profile (60 mg/dL < G(t) < 150 mg/dL) for the Hovorka
model, a 75 kg subject, and a standard 60 g CHO meal, an I/C of 1 U/19 g is satisfactory. But
for different meal sizes, this I/C value can result in poor responses, as shown in Figure 8. For
the 90 g CHO meal, the bolus is too large, causing hypoglycemia, while for the 30 g CHO meal
the bolus is too small, yielding a sluggish response. These results suggests that the 1/C ratio
should be modified for different meal sizes, in effect, a gain scheduling approach [48].

In order to develop an appropriate gain scheduling algorithm, an appropriate I/C value was
determined by trial and error for each of the three meal sizes. Figure 9 shows that these I/C
values are inversely related to meal size for the simulated patient. The regression equation for
Figure 9 is given by,

(I/C)™'=19+0.083 (X - 60), )

where I/C has units of U/g and X is the CHO content of the meal in grams. Figure 10 shows
the glucose responses for different meal sizes and insulin boluses based on (5). A comparison
of Figures 8 and 10 demonstrates that the gain-scheduled 1/C approach improves the
postprandial glucose responses.

6 Feedforward controller design

In Sections 4 and 5, a simple type of feedforward control for disturbance compensation, ratio
control, was used to determine the meal bolus. However, the ratio control strategy has two
disadvantages. First, because the glucose dynamics are different for meal uptake and insulin
boluses, a “dynamic mismatch” occurs for the two inputs. Second, if the insulin bolus is too
large (e.g., due to an over-estimated CHO meal content), it is difficult to avoid hypoglycemia
using only feedback control. In this section, a model-based feedforward controller is developed
that avoids these disadvantages, to a large extent. The feedforward controller consists of a lead-
lag model, a common feedforward control form for industrial process control [48].

For process control applications, feedforward controller design is typically based on two types
of information [48]: (i) the effect of the manipulated input, u, on the controlled variable, y, and
(ii) the effect of the measured disturbance variable d on y. In this paper, y is the glucose

concentration, u is the insulin infusion rate, and d is the gut absorption rate of the CHO content
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of the meal. The latter was determined from the gut absorption sub-model by Hovorka et al.
[24].

Figure 1 shows the glucose responses for step changes in the manipulated variable and the
disturbance variable. The disturbance response suggests that an appropriate disturbance model
is a first-order transfer function:

Y(s) . Ky
Do 4 T ©)

where Y and D are the Laplace transforms of y and d, which are expressed as deviation variables.
The average values of the transfer function parameters for the four step responses are Kq = 375
mg min/mmol dL and ¢4 = 313 min.

Because the step responses in Fig. 1a exhibit both nonlinear dynamic and steady-state behavior,
specifying a form for the process transfer function, Gp(s), is somewhat problematic. In view
of the overdamped nature of these step responses, a second-order transfer function with a time
delay was employed:

Y(s) . . Ke™™
U (s) =Gp(s) T (r15+]) (1a5+1)° (7)

The average values of the model parameters for the four step responses in Fig. la are: K =—-24
mg min/mU dL, z; = 366 min, o = 151 min, and 6 = 25 min.

The feedforward control law can be expressed as:

U(s)=Gy(s)D(s), (8)

where G (5) is the transfer function for the feedforward controller. The ideal design equation
for feedforward control has the form [48]:

Ga(s)  Kq(ris+]) (as+1)et®

Gr(s)=- = .
rO="G, e K Tas+1 ©)

Although this controller is physically unrealizable, it can be approximated by a lead-lag unit,
which is physically realizable:

T35+1

Gr(s)=—-K s
! T rastl (10)

where Ky, 3, and z4 are the tuning parameters. As a first approach, the values of the tuning
parameters can be specified as K¢ = Ky/K, 13 = 71 + 75 + 0, and 4 = 74. Alternatively, other
tuning techniques can be employed [48].

The tuning strategy used in this research was based on minimization of the discrete version of
the integral absolute error for a meal challenge:
loo
TAE= )" le (k) |At,
T (11)
where IAE (mg min/dL) is the integral absolute error, t., is the duration of the simulation, e =

Ggp— G where Gg is the setpoint (mg/dL), and At is the sampling period (5 min). Based on
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extensive simulations for different meal sizes, the optimal value of 74 appeared to be quite
constant, and a value of 74 = 0.3 min was satisfactory in all cases. Thus, z4 was specified to be
0.3 min for all simulations. The optimal values for K¢ and z3 for different meal sizes are shown
in Figure 11.

Figure 12 shows the glucose responses for different meal sizes and feedforward control only
(i.e., without an insulin bolus or feedback control). For each meal size, the optimal feedforward
controller settings in Figure 11 were employed. A comparison of Figures 8, 10, and 12
demonstrates that a feedforward controller can be a valid alternative to a standard meal bolus
and to a gain-scheduled bolus, because the feedforward controller results in lower peak values,
shorter settling times, and smaller values of the area under the curve.

Another advantage of the model-based feedforward controller is that the meal bolus is released
more gradually (e.g., over a period of one hour) while the traditional meal bolus over is injected
very quickly. This gradual insulin release allows the feedback controller to compensate for a
poor CHO estimate before the meal bolus has been completely released. An appropriate
feedforward-feedback control strategy will be developed in the next section.

7 Feedforward-feedback control

The main features of the proposed feedforward-feedback control strategy are:
a. The model-based feedforward controller of Section 6;
b. A PID feedback controller;

c. The option of generating the setpoint trajectory for the feedback controller using a
model-reference approach.

The rationale for the model-reference approach will now be discussed.

In the previous sections, the feedback control employed the time-varying setpoint trajectory
in (4). Next, we consider an alternative approach for generating the time-varying setpoint,
namely, model reference control. This model reference approach is well-known technique in
the field of adaptive control [49]; the basic idea is as follows. If a reasonably accurate model
of a diabetes subject is available, then the expected postprandial response for a specified meal
size can be easily calculated. The model response can then be used as the time-varying setpoint
for the PID controller. The feedback controller merely compensates for departures from the
expected postprandial response due to modeling errors, poor CHO estimates, instrumentation
problems, etc. In this paper, we consider an open-loop model response for a meal and a bolus
as the glucose setpoint; alternatively, a desired closed-loop response could be used.

A block diagram of the proposed feedforward-feedback control strategy with the model-
reference option is shown in Figure 13. The outputs of the feedback controller ugg and the
feedforward controller ugg are added together to generate the insulin infusion rate, u. The
feedforward controller calculates ugg based on the estimated gut absorption rate d, which is
calculated from the estimated CHO content X and the gut absorption model by Hovorka et
al. [24]. The model block generates the setpoint Ggp, for the PID controller based on ugg and
X. In this paper, both the “Model” and the “Subject” blocks employ the Hovorka model of
Section 2. However, for incorrect meal estimates and insulin sensitivity changes, the models
for the two blocks are not identical, as explained below.

The controller tuning procedure of Marchetti et al. [28] is also used in this paper, in order to
facilitate controller comparison. Limits were placed on the integral term in the control law.
Initially, the reset time was specified to be r; = 100 min and the controller gain K. and derivative
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time tp were determined by minimizing the 1AE index for postprandial responses with insulin
boluses for three cases: the correct bolus or boluses that were 50% too large or too small.

Figure 14 shows the postprandial responses of the novel model-reference feedback control
strategy (plus a meal bolus) and three meal challenges. Figure 15 shows glucose responses for
the same meal challenges and the switching control strategy of Marchetti et al. [28] described
in Section 3. The model-reference controller provides superior postprandial responses. Next,
the reset time was optimized for insulin sensitivity changes, as suggested by Marchetti et al.
[28]. Figure 16 shows that the proposed model-reference control strategy is able to
accommodate changes in insulin sensitivities during fasting (i.e., non-meal conditions).
Changes in insulin sensitivities means that all the three insulin sensitivities of the Hovorka
model are increased/reduced by the specified amount.

8 Meal challenges and insulin sensitivity changes

In Section 7 the proposed feedforward-feedback control strategy performed well for meal
challenges, and for basal (non-meal) conditions after an insulin sensitivity change occurred.
In this section, we consider controller performance for insulin sensitivity changes, followed
by meal challenges. This is a difficult and important diabetes control problem, because insulin
sensitivity changes can be unknown and persist for long time periods (e.g., hours to days). In
the simulation results of this section, postprandial responses are considered after insulin
sensitivity changes of +/- 50% of the nominal value. The basal insulin infusion rates were
adjusted so that at t = 0, the glucose concentration was at a steady-state value of G = 80 mg/
dL.

Figure 17 compares the postprandial glucose responses for 50% insulin sensitivity changes
and three control strategies: bolus only, the PID switching control strategy of Section 3, and
the feedforward-feedback control strategy of Section 7. The controller settings developed in
Sections 3 and 7 were employed. Thus, the controller setting were based on the nominal insulin
sensitivity while the meal bolus was calculated from the nominal meal size and a CHO ratio
of 1 U:19 g CHO.

Figure 17a,b demonstrates that for bolus-only control, the glucose responses are quite sluggish
for the decrease in insulin sensitivity and too aggressive for the increase. In particular, the 50%
increase in insulin sensitivity results in hypoglycemia when the bolus is either correct or over-
estimated. The PID switching control strategy in Fig. 17c,d provides a significant improvement
over bolus-only control but hypoglycemia occurs for the bolus over-estimate in Fig. 17d. The
feedforward-feedback control strategy in Fig. 17e,f provides consistent responses with small
glucose peaks. However, hypoglycemia occurs for the insulin sensitivity increase. The results
in Fig. 17 suggest that the three controllers should be tuned to accommodate insulin sensitivity
increases.

Figure 18 shows the glucose responses for the conditions of Figure 17 and the ideal situation
where the insulin-to-CHO ratio (1/C) and the feedforward controller gain Kz were tuned by trial
and error for each insulin sensitivity change and the correct CHO meal estimate. The
feedforward controller gain was multiplied by a constant, c, as discussed below. The other
controller settings were not changed. A comparison of Figs. 17 and 18 indicates that the new
I/C values improved the postprandial responses for bolus-only control and PID control. For
the feedforward-feedback controller, adjusting K reduced the glucose peaks with only slight
excursions beyond the 60 mg/dL limit for two of the six cases.

It can be argued that the simulation results in Fig. 18 are unrealistic because the controller
settings were determined based on the value of the insulin sensitivity, which is often unknown.
But for PID control, the insulin sensitivity changes are reflected in the steady-state insulin
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infusion rate that is required for basal (non-meal) conditions. As the insulin sensitivity
decreases, the basal insulin infusion rate uy, required to achieve the glucose setpoint increases,
and vice versa. Consequently, insulin sensitivity changes can be inferred from the observed
value of up. The relationship between the tuned control parameters, ¢ and I/C, and uy, is shown
in Fig. 19. Because these relationships are quite linear, they can be well-approximated by linear
regression equations,

K=[-7.5+0.117 (X - 60)] c, (12)
c=1+0.17 (up — 10.35), (13)

where K¢ (mU/mmol) is the feedforward controller gain, X (g) is the CHO content of the meal,
c is a corrective coefficient, and up (mU/min) is the basal insulin infusion rate.

In summary, insulin sensitivity changes can be accommodated for the three control schemes
in Figs. 17 and 18 by a novel gain scheduling approach. The insulin-to-carbohydrate ratio I/C
and the feedforward controller gain K; are adjusted based on the current basal insulin infusion
rate, u,. With this new gain scheduling feature, the feedforward-feedback control strategy
yielded satisfactory results for meal challenges and/or insulin sensitivity changes.

9 Conclusions

Several important issues concerning the development of an effective feedforward-feedback
control strategy for type 1 diabetes have been considered. Improved postprandial responses
can be achieved by a pre-prandial snack or bolus, or by reducing the glucose setpoint prior to
the meal. The simulation studies for the Hovorka model have demonstrated that setpoint
reduction is the most effective approach.

Several new feedforward control strategies have been proposed as alternatives to the standard
insulin bolus approach. The proposed strategies include a feedforward controller design based
on simple transfer function models and a ratio controller in which the I/C ratio is adjusted based
on the estimated meal CHO. Furthermore, the feedforward controller gain can be gain
scheduled based on the steady-state insulin infusion rate. Simulation results indicate that the
new approaches provide improved postprandial responses over a wide range of conditions.

Itis also demonstrated that a model-following approach for the feedback controller can be very
effective when a reasonably accurate dynamic model is available.
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Fig. 1.

Open-loop glucose responses to step changes in (a) the basal insulin (mU/min) and (b) the gut
glucose absorption rate (mmol/min).
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Glucose responses and insulin profiles with and without a 20% pre-bolus 60 min prior to the

meal.
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Fig. 4.
Glucose responses and insulin profiles for a pre-prandial glucose increase induced by a snack
att=-2h.
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Glucose responses and insulin profiles for pre-prandial insulin delivery methods without meal

uptake.
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Fig. 6.
Glucose responses and insulin profiles for pre-prandial insulin delivery methods and meal
uptake. For method (ii), an insulin pre-bolus is introduced at time t = —1.
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Block diagram of the feedforward—feedback control strategy.
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Glucose responses and insulin profiles for three meal challenges and feedforward—feedback

control strategy.
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Fig. 15.
Glucose responses and insulin profiles for three meal challenges and the switching control
strategy with time—varying setpoint trajectory described by Marchetti et al. [28].
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Fig. 16.
Glucose responses and insulin profiles for insulin sensitivity 50% decrease/increase and the

feedforward—feedback control strategy.

J Process Control. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Marchetti et al.

240" T T T T T T —]

220 F — Bolus Under-estimate |
200 — — -Correct Bolus
180 —-— Bolus Over-estimate

160F /N
140 F NN §
120 F NS ]
100 F N Se-e T =
80 2.2
60
40 ]
20- 1 1 1 h|

0 2 4 6 8 10 12 14 16 18

G (mg/dL)

(a) Bolus only.

240 T T T T T T — ]
2200 Bolus Under-estimate

— — - Correct Bolus
200 - —-— Bolus Over-estimate
180
160 -
140
120
100 -
80
60 |-
40
20

G (mg/dL)

(¢) Bolus plus PID control with switch-
ing criteria and time-varying glucose

setpoint. (7 = 25 min).

o4p T BI|UIdIt-'1’
— Bolus Unaer-estimate
ggg b — — - Correct Bolus ]
[ —-— Bolus Over-estimate
180
g 160}
T 140
£ 120
o 100
80
60
40} ]
20» 1 1 L I 1 1 1 1 I |
0 2 4 6 8 10 12 14 16 18
time (h)
(e) Feedforward—feedback control.
Fig. 17.

Page 30

240 T T T T T T T ]

220 —— Bolus Under-estimate |
200L — — -Correct Bolus
—-— Bolus Over-estimate

180 1
180F  /7\L ]
140 + 1
120F [+ 1
100 A 1
80 AN —=
80 N T
af N\ ~--- ]
20}

G (mg/dL)

- ]
L L

‘\'r" F I R S|
0 2 4 6 8 10 12 14 16 18

(b) Bolus only.

240 T T T T T T ]
—— Bolus Under-estimate
2201 — — -Correct Bolus
200 - —-— Bolus Over-estimate
180 b
180 /"\ 1
140+ b
120 [~ b
100F A ]
80 AN S =
B0 [T 8

G (mg/dL)

2O_A A-AI T R S R
0 2 4 6 8 10 12 14 16 18

(d) Bolus plus PID control with switch-
ing criteria and time-varying glucose

setpoint. (7 = 25 min).

240F 7 ' ' " " ' ' ' e
220 — Bolus Under-estimate ]
200F — — - Correct Bolus
180 —-— Bolus Over-estimate 1
%‘ 160 - b
S 140 1
£ 120 1
» 100 1
80 /%_.___
60 -
40 ’ ]

207 L L L L L L L L L i
0 2 4 6 8 10 12 14 16 18
time (h)

(f) Feedforward—feedback control.

Postprandial glucose profiles for meal challenges and a 50% insulin sensitivity (left) decrease

and (right) increase.
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Fig. 18.

Postprandial glucose profiles for meal challenges and an insulin sensitivity (left) decrease and
(right) increase with adjustments of the I/C ratio and feedforward controller gain.
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Fig. 19.
Relationship between the I/C ratio, the corrective coefficient, c, for the feedforward controller
gain and the basal insulin required to achieve a steady state of G = 80 mg/dL.
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