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‘Applications of Optimal Control to Chilled
Water Systems without Storage
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ABSTRACT

In this paper, optimization techniques are applied to
_ analyzing the optimal performance of chilled water
systems that do not have significant thermal storage. The
important uncontrolled variables that affect system perfor-
mance and optimal control settings are identified. Control
guidelines useful to plant engineers for improved control
practices are developed. In addition, results and conclu-
sions concerning both control and design under optimal
control of chilled water systems are presented.

INTRODUCTION

A central cooling plant has many operating variables
that may be controlled to minimize operational costs.
Global optimum plant control has been studied by Marcev
(1980), Arnold (1984), Sud (1984), Hackner (1984, 1985),
Lau (1985), Johnson (1985), and Nugent (1988). These
studies primarily demonstrated the potential savings
associated with the use of optimal control. They did not
produce general algorithms suitable for on-line optimal
plant control nor general guidelines for near-optlmal
control.

In a companion paper, Braun (1989) presents two
methodologies for determining the optimal control of
chilled water systems without thermal storage. A
component-based noriinear optimization algorithm was
developed as a simulation tool for investigating optimal
system performance. A system-based methodology was
also presented for near-optimal control that depends upon
simplifications that reduce the complexlty of the control
problem.

In this paper, the component-based optimization
methodology is utilized as a tool for investigating chilled
water systems under optimal control. With this tool, general
guidelines for near-optimal performance are developed.
These guidelines are incorporated in the system-based
near-optimal control methodology, but they are also impor-
tant to plant engineers for lmproved control practices. The
component-based optimization is aiso used in this study
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to compare optimal control with alternative control prac-
tices and different system configurations under optimal
contral. The simulation models of the equipment utilized in
this study are described by Braun (1987, 1988).

SYSTEM DESCRIPTION

Figure 1 shows a general schematic of the vanable—alr- '
volumne (VAV) chilled water system considered in this study.
The central cooling facility, which consists of muitiple
centrifugal chillers, cooling towers, and pumps, provides
chilled water to a number of air-handling units in order to
condition air that is supplied to building zones. All energy-
consuming componentsin the system are assumed to be
electrically driven.

At any given time, it is possible to meet the cooling
needs with a number of different modes of operation and
setpoints. Optimal control of a system involves minimizing
the total power consumption of the chillers, cooling tower
fans, condenser water pumps, chilled water pumps, and
the air-handling fans at each instant of time with respect to
the independent continuous and discrete control variables.
Discrete control variables are not continuously adjustable,
but have discrete settings. The discrete control variables
considered in this paper include the number of operating
chillers, cooling tower cells, condenser water pumps, and
chilled water pumps and the relative speeds for multi-
speed fans or pumps. The independent continuous con-
trol variables considered include the chilled water and
supply air set temperatures, relative water flow rates to
muitiple chillers (both evaporators and condensers) and
multiple cooling tower cells, and the speeds for variable-
speed cooling tower fans and chilled and condenser water
pumps.

In addition to the independent opt:m:zatlon control
variables, there are also local loop (dependent) controls
associated with the chillers, air handlers, and chilled water
pumps. All local loop controls are assumed to be ideal,
such that their dynamics are not considered. Each chiller
is considered to be controlled such that the specified
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Figure 1 Schematic of a typical chilled water system

chilled water set temperature is maintained. The air handler
local loop control invoives control of both the coil water flow
and fan air flow in order to maintain the prescribed supply
air setpoint and zone temperature, The total requirement
for the chilled water flow to the air handlers is dictated by
the chilled water and supply air setpoints and the load.
Control of the chilled water pumps is implemented through
alocal loop control that maintains a constant pressure dif-
ference between the main supply and return pipesfor the
air handlers. The setpoint for this pressure difference is

chosen fo ensure adequate distribution of flow to all air-

handlers and is not considered an optimization variable.
The optimal control variables change through timein
response to uncontrolled variables. The uncontrolled

TABLE 1
Summary ot System COmponent Characteristics

Component Characteristics

1) D/FW vanable-speed chiller
. 2):DIFW fixed-speed chiller
3). Lau (1985) chiller scaled to D/FW loads
4) Hackner (1985) chiller scaled to D/FW loads

1) DIFW tower characteristics
2) Lau (1985) tower scaled to D/FW loads
3) Hackner (1985) tower scaled to D/FW loads

1) DIFW system and pump characteristics

2) 20% greater systemn and pumping head at
design conditions than 1)

3) 20% lower system and pumping head at
design conditions than 1)

1) Hackner (1985) scaled to D/IFW loads

2) 20% greater fan power requirements at
design conditions than 1)

3) 20% lower fan power requirements at
design conditions than 1)

Component
Chillers

Cooling Towers

Pumping

Air Handlers

Loads 1) 20% of zone loads are latent
2) 15% of zone ioads are latent

3) 25% of zone loads are latent
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variables are measurable quantities that may not be con-

trolled but that affect the component outputs and/orcosts,

such as the load and ambient dry-"and wef-bulb
temperature. :

The results presented in this study dre’ pnmanly
representative of the Dallas/Fort Worth (D/FW) ‘Airport cool-
ing system. However, characteristics of the'systems studied
by Lau (1985) and Hackner (1985) are alsa utilized: Table 1
summarizes the different component characteristics con-
sidered in this study. The loads employed throughout are
representative of the D/FW system, so that components
studied by Lau and Hackner are scaled for D/FW condi-

“tions. The ventilation air flow is taken to be 10% of the

design air flow for the air handler under all circimstances.
The use of economizer or “free” cooling cycles was not
considered in this study. These modes of operation would
occur at low ambient wet-bulb temperatures, such that the
coolingloadscould be met without operating the ehillers.

The base system makes use of the component char-
acteristics associated with the first choice for each compo-
nenttypein Table 1. For the most part, this correspondsto
the current D/FW system. However, detailed data were not
available for the performance of the air handlers. As a
result, the air-handler performance characteristics from
manufacturers’ data used by Hackner (1985) were utilized
in the base system. Except where otherwise noted, all
pumps and fans (including air handlers) are considered to
be operated with variable-speed motors. Although com-
binations of components from Table 1 other than that

. associated with the base system were considered; resuits
are only presented for the base system, except when alter-

native systems yield different conclusions.

Many of the results presented in this paper are for
steady-state conditions and are given as a function of load
at ambient dry- and wet-bulb temperatures of 80°F and
70°F. For the purpose of performing simulations over a
cooling season, optimal costs of operation-are correlated
in terms of the load and ambient conditions using the form
given by Braun (1989). The resultis integrated overtime in
response to time-varying load and weather conditions. In
those cases where cooling season resulis are presented,



weather data for May through October in Dallas, Texas, and
Miami, Florida, were utilized. Two different constant internal
gains to the zones were considered: one-third and one-half
of the maximum chiller cooling capacity. Only conditions
where the ambient wet-bulb temperature was greater than
60°F were considered in the determination of plant
operating cosls.

CONTROL GUIDELINES FOR
MULTIPLE COMPONENTS IN PARALLEL

For some of the independent control variables, it is
possible to determine simple control guidelines that yield
near-optimal performance. These guidelines simplify the
optimization process in that these independent control
variables may be reduced to dependent variables. They
are also useful to plant engineers as “rules of thumb” for

improved control practices. In this section, component
" modeling and optimization techniques are used to identify
control guidelines associated with multiple components
arranged in parallel.

Multiple Cooling Tower Cells

The power consumption of a chiller is sensitivetothe -

‘condensing water temperature, which is, in turn, affected
by both the condenser water and cooling tower air flow
rates. increasing either of these flows reduces the chiller
power requirement, but atthe expense of anincreaseinthe
pump or fan power consumption.

Braun (1987) and Nugent (1988) have shown that for
variable-speed fans, the minimum power consumption

results from operating all cooling tower cells under ail con-

ditions. The power consumption of the fans depends upon
the cube of the fan speed. Thus, for the same total air flow,

operating more cells in parallel allows for lower individual

fan speeds and overall fan power consumption. An addi-
tional benefit associated with full-cell operation is lower
water pressure drops across the spray nozzles, which

resuits in lower pumping power requirements. However, at

very low pressure drops, inadequate spray distribution
may adversely affect the thermal performance of the cool-
ing tower. Another economic consideration is the greater
. water loss associated with full-cell operation.

Most current cooling tower designs utilize multiple-
speed, rather than continuously adjustable, variable-speed
fans. in this case, it is not optimal to operate all tower cells
under all conditions. The optimal number of cells operating
and individual fan speeds will depend upon the system
characteristics and ambient conditions. However, simple
relationships exist for the best sequencing of cooling tower
fans as capacity is added or removed. When additional
tower capacity is required, then in almost all practical
cases, the tower fan operating at the lowest speed (includ-
ing fans that are off) should be increased first. Similarly, for
removing tower capacny, the highest fan speeds are the
first to be reduced.

These guidelines are derived from evaluating the
incremental power,changes associated with fan sequenc-
ing. For two-speed fans, the incremental power increase
associated with adding a low-speed fan is iess than that for
increasing one to high speed if the foilowing condition is
satisfied.
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“where v, ., is the relative fan speed at low speed. If
the low speed is less than 79% of the high fan speed, then
the incremental power increase is less for adding a low-
speed as opposed to a high-speed fan. In addition, if the
low speedis greater than 50% of the high speed, then the
incremental increase in air flow is greater (and therefore
better thermal performance) for adding the low-speed fan.
Most commonly, the low speed of a two-speed cooling
tower fan is between one-half and three-quarters of full
speed. In this case, tower cells should be brought on-line

" at low speed before any operating celis are set to high

speed. Similarly, the fan speeds should be reduced to low
speed before any cells are brought off-line.

For three-speed fans, the sequencing logic is not as
obvious. However, for the special case where low speed is
greater than or equal to one-third of full speed and the dif-
ference between the high and intermediate speeds is
equal to the difference between the intermediate and low,
then the best strategy is to increment the lowest fan speeds
first when adding tower capacity and decrement the
highest fan speeds when removing capacity. Typical three-
speed combinations that satisfy this criterion are 1) one-
third, two-thirds, and full speed or 2) one-half, three-
quarters, and full speed.

Anocther issue related to control of multtple cooling
tower cells having multiple-speed fans concerns the
distribution of water flow to the individual cells. Typically, the
water flow is divided equally among the operating cells.
However, the overall thermal performance of the cooling
tower is best when the flow is divided such that the ratio of
water to air flow rates is identical for all cooling tower cells.
In comparing equal flow rates to equal flow rate ratios, at
worst, a 5% difference between the heat transfer effective-
nesses for a combination of two tower cells, one operating
at one-half and the other at full speed, was found. Depend-
ing upon the conditions, these differences generally resuit
in less than a 1% change in the chiller power. These dif-
ferences should also be contrasted with the lower water
pressure drop across the spray nozzles (lower pumping
power) associated with equally divided flow. In addition,
the performance differences are smaller for greater than
two-cell operation, when a majority of cells are operating
at the same speed. Overall, equal water flow distribution
between cooling tower cells is near-optimal.

Multiple Chiller Control

Multiple chillers are normally configured in a paratiel
manner and typically controlled o give identical chilled
water supply temperatures. For the parallel chiller combin-
ations considered in this study, controlling for identical set
temperatures was found to be either optimal or near-
optimal. Besides the chilled water setpoint, additional con-
trol variables are the relative chilled and condenser water
flow rates. Simple guidelines may be established for
distributing these flows.

In general, the relative condenser water flows to each
chiller shouid be controlied to give identical leaving con-
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denser water temperatures for all chillers. This condition
approximately corresponds to relative condenser flow
rates equal to the relative loads on the chillers. Figure 2
shows resuits for four different sets of two chillers operated
in parallel. The overall chiller coefficient of performance
(COP) s plotted vs. the difference between the condenser
~ .water return temperatures of the two chillers at equal
loadings. For the identical D/FW variable-speed chillers,
the optimal temperature difference is almost exactly zero.
This was found to be the case for all identical chillers con-
sidered in this study. For the non-identical chillers of
Figure 2, equal leaving condenser water temperatures
result in chiller performance that is close to the optimum.
Similar results were obtained for unequal-loadings on
the chillers. . '

For given chilled water return and supply tempera-
tures, the relative chilled water flow to each chiller is equal
to its relative loading. Consider the problem of determin-
ing the optimal relative loadings for N, chillers in parallel.
The relative condenser water flows are assumed to be con-
trolled to give identical return water temperatures. The opti-
mization problem is one of minimizing

Nen
Pep = 2 Peni 3
i=1

with respect to the relative loadings, , ;, with the constraint

Nen
; .sz’i = 1
i=1
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Figure 3  Effect of relative loading for two identical paraliel chillers

This condition, along with the constraint of Equation 4,
is sufficient to determine the relative loadings. For identical
chillers, these equations are satisfied for all chillers loaded
equally or

1
Nch

fL.i = fori=11toNg, (6)

For chillers with different cooling capacities, but identi-
cal part-load characteristics, the constrained optimality
conditions are satisfied when each chiller is loaded accord-
ing to the ratio of its capacity to the sum total capacity of all
operating chillers. For the i chiller,

chp.i

Na

ZQcap.i
; i=l
where Q.4 is the cooling capacity of the i chiller.

The relative loadings determined with Equation 6

or 7 could result in either minimum or maximum power
consumptions. With the second-order necessary condition
for a minimizing point, it is possible to show that these
points represent a minimum when the derivative of the
COP with respect to relative loading is less than zero. In
other words, the chillers are operating at loads greater than
the point at which the maximum COP occurs. Typically, but
not necessarily, the maximum COP occurs atloadsthat are
about 40% to 60% of a chiller's cooling capacity. In this -

fii = ™

- case, and with loads greater than about 50% of cooling

By forming the Lagrangian and applying the first-

_order condition for a minimum or maximum, it can be
shown that the point of minimum or maximum overall
power occurs where the derivatives of the individual chiller
power consumptions with respect to their relative loadings
are equal.
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capacity, the control defined by Equations 6 and 7 results
in a minimum power consumption. o

Figure 3 shows the effect of the relative loading on
chiller COP for different sets of identical chillers loaded at
approximately 70% of their overall capacities. Three of the
chillers have maximum COPs when evenly loaded, while
the fourth (D/FW fixed-speed) obtains a minimum at that
_point. The part-load characteristic of the D/FW fixed-speed
chiller is unusual in that the maximum COP occurs at its
capacity. This chiller was retrofit with a different refrigerant
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and drive motor, which causea its capactty to be derated
from 8700 tons to 5500 tons. As a result. the chiller operates
at a much smaller fraction of its original capacity.

The effect of loading on non-identical chillers was also
investigated. The minimum power consumption was
realized with near-even loading for all combinations con-
sidered, except for those involving the D/FW fixed-speed
chiller. The best strategy for this particular fixed-speed
chiller in combination with other chillers is to load it as
" heavily as possible, since its performance is best at
fuil load.

One of the 1mportant issues concerning control of
multiple chillers is chiller sequencing. Sequencing involves
determining the conditions at which specific chillers are
brought on-line or off-line. The optimal sequencing of
chillers depends primarily upon their part-load character-
istics. Chillers should be brought on-line at conditions
where the total power of operating with the additional chiiler
would be less than without it. Optimization results indicate
that the optimal sequencing of chillers may not be de-
coupled from the optimization of the rest of the system. The
characteristics of the system change when a chiller is
brought on-line or offline due to changes in the system
pressure drops and overall part-load performance. The
optimal point for switching chiller operation may differ
significantly from switch-points determined if only chiller
performance were considered at the conditions before the
switch takes place.

Multiple Air Handlers

In a large system, a central chriled water facility may
provide cooling to several buildings. each of which may
have a number of air-handling units in parailel. If the supply
air setpoints of each of the air handlers were considered
to be a unique control variable. the optmization problem
would become guite compiicated. However. the error
associated with using identicai supply air temperatures
for all air handlers is relatively small as compared with the
optimal solution, even when the loading on the various
- cooling coils differs significantly. As a result, the number of
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centrol variables in the optimization process may be
reduced by one less than the number of air handiers.

Figure 4 shows a comparison between individual and
identical setpoint controf for a system with two identical air
handiers. The system coefficient of performance associ-
ated with optimal control is plotted vs. the relative loading
on one air handler. The difference between individual and
identical setpoint control is not significant over the practical
range of relative loadings. This result is most easily
explained by considering the limits on the relative loadings.
For the case of equal loadings on the air handlers, the opti-
mal control setpoints are equal for identical air handiers.
Inthe other extreme. where all of the load is applied to one
air handler. the supoly air temperature of the unioaded air
handler has no importance, since its power consumption
is zero. Between the two extremes, the error associated
with assuming identical setpoints is reiatively small. This
result also extends to many air handiers in parallel and to
non-identical designs.

Although the number of control variables is reduced
by considering only a single supply air set temperature, the
overall operating cost still depends upon the performance
and loadings on the individual air handlers. However, for
the purpose of determining optimal control, air handlers
may be combinea into a single effective air handler under
the conditions that all zones are maintained at the same air
temperature and the heat transfer characteristics of the
coils are similar. The.required air flow as a fraction of the
design air flow for the i air handier in parallel, y.,,,, may
be expressed in terms of an overall air flow ratio as

fahu.i

Fahu,desii ™ @)

Yahui =

where y,,, is the ratio of the total required air flow for
all air handlers to the total design air flow, f,,,,, is the ratio
of air flow for the i~ air handler to the total air flow for all air
handlers, and .., ..., 'S the ratio of design air flow for the i
air handler to the total design air fiow for ali air handlers. If
ail air handlers have identical supply air temperature set-
points and zone air temperature setpomts. thenf,,,,, is also
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equal to ratio the sensible loading on the zones supplied
by i air handier to the total sensible zone loads, f,s,. In

this case, the total air handler. power consumption for

variable-speed fans is

' 3 e » fsetui ’
= Yahu Z Pahu.dcs.x[fm de-s i]

iml

®

. where P, 46, 1S the power consumption for the it air
handier at its design air flow.

As aresult, allthe air handlers may be combined into
one air handler having the sum total area, water flow, air
flow, and loading, with the power computed according
to Equation 9. For the near-optimal control algorithm
described in a companion paper (Braun 1989), it is
necessary to include the relative zone sensible loads

(f.ens;) @s uncontrolled variables in the empirical system

cost function, if they change significantly.

Muiltiple Pumps

A common control strategy for sequencing both con-
denser and chilled water pumps is to bring pumps on-line
or off-line with chillers. In this case, there is a condenser and
chilled water pump-associated with each chiller. For fixed-
speed pumps, this strategy is not optimal. At the point at
which a chiller is brought on-line in parallel and assuming
that the pump control does not change, there is a reduc-
tion in the pressure drop and subsequent increase in flow
rate for both the condenser and chilled water loops. The
increased flow rates tend to improve the overall chiller per-
formance. However, if the pumps were operating near their
peak efficiency (a good design), thenthereisadropinthe
pump efficiency when adding the aaditional chiller while
holding the pump control constant. Most often, the im-
provements in chiller performance offset the degradation

_in pump performance, so that there is no need for an addi-
tional pump at the switch point.

Figure 5 shows the optimal system coefficient of per-
formance (COP) for different combinations of chillers and
fixed-speed pumpsin parallel as a function of load relative

1.0

5% > Minimum
] 0.94
_?: d
2 0.8 1% > Minimum
n E
kS 0.7
-5 ;
S 0.6
] 4
g
3
,3 0.4 j
2 0.3
3 ] 10% > Minimum
9
= 0.2 e
4 25% > Minimum
01 i ¥ T T
0.5 0.6 0.7 0.8 0.9 1.0
Relatiye Condenser Pump Speed

Figure 7  Power contours for condenser loop control variables

to the total cooling capacity. The optimal switch point fora
second pump aceurs at a much higher relative load (~
0.62) than the switch point for adding or removing achiller
(~ 0.38). If the second pump were sequenced with the
second chiller, then the optimal switch would occur at the
maximurn capacity of one chiller and approximately a 10%
penalty in performance would result at this condition. The
optimal control for sequencing fixed-speed pumps
depends upon the load and the ambient wet-bulb temper-
ature and should not be directly coupled to the chiller
sequencing.

The sequencing of variable- speed pumps is more

- ét‘r‘a»ghtfon/vard than that for fixed-speed pumps. For a

given set of operating chillers, variable-speed pumps have
relatively constant efficiencies over their range of operation.
As aresult, the best sequencing strategy is to select pumps
so.asto operate near their peak efficiencies for each pos-
sible combination of operating chillers. Since the system
pressure drop characteristics change when chillers are
added or removed, the sequencing of variable-speed
pumps shouid be directly coupied to the sequencing of
chillers. For identical variable-speed pumps oriented in
parallel, the best overall efficiency is obtained if they

- operate at identical speeds. For non-identical pumps, near-

optimal efficiency is realized if they operate at equal frac-

* tions of their maximum speed.
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SENSITIVITY ANALYSES
AND CONTROL CHARACTERISTICS

Inthis section, the sensitivity of the optimal system per-
formance to the uncontrolled and controlled variables is
studied. -

Effects of Load and Ambient Conditions

For a given system in which the relative loadings on
each zone are relatively constant. the optimal control
variables are primarily a function of the total sensible and
latent gains for all zones, along with the ambient dry- and
wet-bulb temperatures. Figure 6 shows the effect of these
uncontrolled variables on the optimal system performance.
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For a given load and wet-bulb temperature, the effect of the
ambient dry-bulb temperature is insignificant, since air
enthalpies depend primarily upon wet-bulb temperatures
and the performance of wet surface heat exchangers is
. driven primarily by enthalpy differences. Typically, the zone
latent gains are on the order of 15%-25% of the total zone
gains. In this range, Figure 6 shows that the effect of
changes in latent gains has a relatively small effect upon
the system performance for given total load. Consequently,
results for overall system performance and optimal control

may be correlated in terms of only the ambient wet-bulb

temperature and total chilled water load. In the event that
the load distribution between zones changes significantly
through time. then this must also be included as a cor-
relating variable.

Condenser Water Loop'.

The primary controlfable variables associated with
heat rejection to the environment are the condenser water
and tower air flow rates. Both optimat air and water flows
increase with load and wet-bulb temperature. Higher con-
densing temperatures and reduced chiller performance
result from either increasing loads or wet-bulb tempera-
tures for a given control. Increasing the air and water flow
under these circumstances reduces the chiller power con-
sumption at a faster rate than the increases in fan and
pump power. :

Figures 7 shows the sensitivity of the total power con-
sumption to the tower fan and condenser pump speed.
Contours of constant power consumption are plotted vs.
fan and pump speeds. Near the optimum, power con-
sumption is not sensitive to both of these control variables,

but increases more quickly away from the optimum. The -

rate of increase in power consumption is particularly large
at low condenser pump speeds. There is a minimum pump
. speed necessary to overcome the static head associated

. with the height of the water discharge in the cooling tower
above the take-up from the sump. As the pump speed ap-
proaches this value, the condenser flow approaches zero
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and the chiller power increases dramatically. It is generally
better to have too high rather than too low a pump speed.
The “flatness” near the optimum indicates that it:is not
necessary for an accurate determination of the optimal
control.

Chilled Water Loop

Both the optimal chilled water and supply air tempera-
tures decrease with increasing load for a fixed wet-bulb
temperature. This behavior occurs because the rate of
increase in air handler fan power with respect to load
increases is larger than the rate of decrease in chiller power
atthe optimal control paints. As the wet-bulb temperature
increases for afixed load, the optimal set temperatures also
increase. There are two primary reasons for this resuit:
1) For a given load, the chiller power depends primarily
upon the temperature difference between the leaving con-
denser and chilled water ternperatures. The condenser
temperature and chiller power consumption increase with
increasing wet-bulb temperature and the optimal chilled
water temperature increases in order to reduce the temper-
ature difference across the chiller. 2) In the absence of

- humidity control, optimal supply air and chilled water

temperatures increase with decreasing sensible zone
loads for constant total chiller load. in addition, the sensi-
ble to total load ratio decreases with increasing wet-bulb
temperature for constant total load.

Figure 8 shows the sensitivity of the systerm power
consumption to the chilled water and supply air set
temperatures for a given load and wet-bulb temperature.
Within about 2°F of the optimum, the power consumption
is within 1% of the minimum. Qutside this range, the sensi-
tivity to the setpoints increases significantly. The penalty
associated with operation away from the optimum is
greater in the direction of smaller differences between the
supply air and chilled water setpoints. As this temperature

- difference is reduced, the required flow of chilled water to

the coil increases and the chilled water pumping power is
larger. For a given chilled water or supply air temperature,
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Figure 10 Comparison of “free-floating” and “fixed” humidity
control

the temperature difference is limited by the heat transfer
characteristics of the coil. Below this limit, the required
water flow and pumping power would approach infinity if
the pump output were not constrained. Itis generally better
to have too large rather than too small a temperature dif-
ference between the supply air and chilled water setpoints.

OPTIMAL VS. “ALTERNATIVE"
CONTROL STRATEGIES

No general strategy has been established for controli-
ing chilled water systems. Most commonly, the chilled
water and supply air set temperatures are constants that
do not vary with time. In some applications, these setpoints
vary according to the ambient dry-bulb temperature. Gen-
erally, there is an attempt to controi the cooling tower and
condenser water flow in response to changes in the load
and ambient wet-bulb. One strategy for controlling these
flow rates is to maintain constant temperature differences
between the cooling tower outlet and the ambient wet-bulb
(approach) and between the cooling tower inlet and outlet
(range), regardless of the load and wet-bulb. In some appli-
cations, humidity and temperature are controlled within the
zones. In this section, the performance associated with
some of these control strategies is compared with that of
an optimally controlled system.

Conventional Control Strategies

- - Fixed values of chilled water and supply air setpoints
and tower approach and range that are optimal or near-
optimal over a wide range of conditions do not exist. In
addition. it is not obvious how to choose values that work
best overall. One simple, yet reasonable approacn is {0
determine fixed values that result in near-optimal perfor-
mance at design conditions. Figure 9 shows a comparison
between the performance associated with optimai control
and 1) fixed chilled water and supply air temperature set-
points (40° and 52°F) with optimal condenser loop control.
-2) fixed tower approach and range (5° and 12°F) with

Zone Humidity Ratio

TABLE 2
Cooling Season Results
for Optimal vs. Conventional Control

Cost Relative to Optimal Control
Low internal Gains| High internal Gains

Control Description

Dallas Miami | Dallas Miami
fixed temperature setoomnts 108 '.10 5 1.03 1.03
fixed approacn and range 105 106 1.03 1.03
fixed setpoints, approach. rangel 147 1.19 1.07 1.07

optimal chilled water loop control, and 3) fixed setpoints.
approach, and range. The resuits are given as a function
of load for a given wet-bulb temperature. Since the fixed
values were chosen to be appropriate at design conditions,
the differences in performance as compared with optimal
control are minimal at high loads. However, at part-load
conditions, Figure 9 shows significant savings associated
with the use of optimal control. Optimal control of the
chilled water loop results in greater savings than that for the
condenser loop at part-load ratios less than about 50%.

The overall savings over a cooling season for optimal
control depends upon the variability of the load. lfthe cool-
ing load was relatively constant, then fixed values of
temperature setpoints, approach, and range-could be
chosen to give near-optimal performance. Table 2 sum-
marizes cooling season operating costs for the conven-
tional control strategies relative to optimal contral for two
different load characteristics in both Dallas and Miami. The
low and high internal gains are approximately one-third
and one-half of the maximum cooling requirement of the
system. in Dallas, the maximum total operating cost dif-
ference of approximately 17% occurs for fixed setpoints,
approach, and range with low internal gains. The dif-
ference is reduced to 7% for the high internal gains, since
the system operates at a more uniform load near the
design conditions. There is approximately twice the
penaity associated with the use of fixed chilled water and
supply air setpoints as compared with fixed tower
approach and range for low internal gains, but the

‘penalties are equal for the high internal gains. The results

do not differ significantly for the Miami climate.

Humidity Control

In a variable-air-volume system, it is generally possi-
ble to adjust the chilled water temperature, supply air
temperature, and air flow rate in order to maintain both
temperature and humidity. In constraining the room
humidity, the number of “free” control variables in the opti-
mization is reduced by one. For a given chilled water tem-
perature, there is'at most one combination of the supply air
temperature, air flow rate, and water fiow rate that will main-
tain both the room temperature and humidity.

ASHRAE (1981) defines acceptable bounds on room

- temperature and hurmidity for numan comfort. For a zone

that is being cooled, the equipment operating costs are

‘minimized when the zone temperature is at the upper

bound of the comfort region. However, operation at the
humidity upper limit does not minimize costs. Figure 10
compares costs and humidities associated with fixed
(at the upper comfort limit) and free-fioating zone
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Figure 11  Optimal system performance for variable- and fixed-
speed chillers

humidities as a function of the load. Over the range of loads
for this system, the freefloating humidity operates with lower
costs and humidities, with the largest differences occurring
at the high loads. Operation at the upper humidity bound
results in lower latent loads, but the addition of this humidity
control constraint requires higher supply air temperatures
than that associated with free-floating humidities. in turn,

the higher supply air temperature results in greater air
handler power consumption. In effect, the addition of any
constraint reduces the number of free control variables by

one and results in operation at a higher cost. in the deter-.

mination of optimal control paints, the humidity should be
allowed to float freely, unless it falls outside the bounds of
human comfort.

ALTERNATIVE SYSTEM CONFIGURATIONS
UNDER OPTIMAL CONTROL

In order to compare the operating costs associated
with different system designs, it is most appropriate that

each be optimally controlled. In this section, alternative

system configurations are compared in terms of their opti-
mal system performance

Variable vs. Fixed-Speed Equipi’nent

The part-load performance of a centrifugal chiller
depends upon the method by which its capacity is modu-
lated. The Dallas/Fort Worth primary chiller was originally
operated at a constant speed and the cooling capacity was
modulated with the use of pre-rotation iniet vane and outlet
diffuser vanes. The chiller was subsequently retrofit with a

variable-speed electric motor and the vane control was

disconnected.
in general, the pan-load performance of a chiiler is
better for variable-speed as compared with fixed-speed

control. The performance of the D/FW chiller was mea-

sured for both types of capacity modulation for nearly iden-
tical conditions, as described by Braun (1987). Figure 11
gives a comparison between the overall optimal system
performance for both types of chiller control. At part-load

conditions, the performance associated with the variable-
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Figure 12 Comparison of one-speed, two-speed, and variable-
speed cooling tower fans (four cells)

speed control is significantly better. However, the power re-
quirements are similar at conditions associated with the

‘peak loads. This is expected, since, at this condition, the

vanes are wide open and the speed under variable-speed
control approaches that of the fixed:speed operation.
Part of the improvement with variable-speed chiller
control may result from the unigue characteristics of the
D/FW chilier. The capacity of the D/FW chiller was derated
so that the evaporator and condenser are oversized at the

. current capacity relative to the original design capacity. As

a result, the performance is more sensitive to penalties
associated with part-load operation of the compressor
than to heat exchange improvemen‘ts that occur with
lower loads. S

The most common desngn for cooling towers utilizes
mulfiple tower cells in parallel that share a common sump.
Each tower cell has a fan that may have one, two, or
possibly three operating speeds. Although muitiple cells
having multiple fan settings offer great flexibility in control,
the use of variable-speed tower fans can provide additional
improvements in the overall system performance.

Figure 12 compares optimal system performance for
single-speed, two-speed, and variable-speed tower fans
as a function of load for.a given wet-bulb. There are four
tower cells for this system. All cells operate forthe variable-
speed fan results under all conditions, while cells are
isolated for discrete fan control results when theirfans are
off. The discrete changes in the control of the muiti-speed
fans cause the discontinuities in the slopes of the curves

in Figure 12. The flexibility in the control with one- or two-

speed fans is most limited at low loads. Below about 70%
of full-load conditions, the difference between one-speed
and variable-speed fans becomes significant. With two-
speea fans, the dlfferences are on the order of 3% to 5%
over the entire range.

If a fixed-speed pump is sized so asto give proper flow
to a chiller at design conditions, then it is oversized for part-

load conditions and the system will have higher operating

costs than with a variable-speed pump having the same
design capacity. The use of a smaller fixed-speed pump
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Figure 13 Comparison of variable- and fixed-speed pumps

for low load conditions improves the flexibility in control and
can reduce the overall power consumption. Figure 13
gives the optimal system performance for variable-speed
and fixed-speed pumps applied to both the condenser
and chilled water flow loops. The “large” fixed-speed
pumps are sized for design conditions, while the “small”
pump has one-half the flow capacity of the large. Below
about 60% of full-load conditions, the use of variable-
speed pumps shows a very significantimprovement over
single fixed-speed pumps. With the addition of “smali”
fixed-speed pumps, the improvements with variable speed

become significant at about 40% of the maximum load.

The overall savings over a cooling season associated
with the use of variable-speed equipment depends upon
the variability in the load. Table 3 summarizes cooling
season operating costs for the fixed-speed equipment
relative to all variable-speed for low and high irtternal gains
in both Dallas and Miami. included in this table are resuits
for fixed-speed air handler fans with variable-pitch blades
to control the air flow. The results do not differ significantly
between the Dallas and Miami climates. The largest differ-
ences for all situations are seen in comparing the fixed-
speed to the variable-speed chillers (13% to 18%). The use
of individual fixed-speed pumps or fans in the system car-
ries a penalty of about 3% to 10% depending upon the
load characteristics, Overall, the use of all-fixed-speed
equipment results in operating costs that are 26% to 43%
higher than for all variable-speed drives.

Series vs. Parallel Chillers

Multiple chillers are typically arrangedin parallel and =

the chilled and condenser water flows are divided between
the chillers according to their loading. Alternatively, it is
possible to arrange chillers in series, so that the total chilled
and condenser water flows pass through each evaporator
and condenser. Two possible arrangements for series
chillers are series-parallel and series-counterflow. In the
series-parallel, the chilled and condenser water flows are
in parallel, in that these streams enter the same chiller. For
the series-counterflow arrangement, the streams enter at
opposing chillers.

TABLE 3
Cooling Season Resulits
for Variable vs. Fixed-Speed Equipment

Cost Relative to Ail Variable-Speed Equipment
Configuration Low Iintamai Gains High Internal Gains
Dalias Miami -Dallas  Miami

fixed-speed chiller 1.16 1.18 ) 1.14 1.13
fixed-speed tower fans 1.08 1.06 1.0 1.08
fixed-speed pumps 1.10 1.09 1.058 1.04
fixed-speed air handler fans 1.07 107 1.04 1.04
all fixed-speed equipment 1.42 1.43 1.29 1.26

For the same total flow. multiple chillers operate more
efficiently in series rather than in parallel. Figure 14 gives
a comparison between the chiller coefficients of perfor-
mance for parallel and series arrangements of two identical
chillers as a function of the relative loading on the first chiller
for identical entering temperatures and flow rates. Both
series arrangements require significantly less power than
the parallel chiilers, the best arrangement being series
counterflow. For the same total flow, the heat transfer
coefficients are higher and leaving water temperature
differences are iower for the individual chillers:in series
orientations than for parallel.

Aithough the chillers perform more efficiently in series
rather than parallel, there are significant increases in water
stream pressure drops across both the evaporators and
condensers for the series arrangement. For two identical
chillers, the ratio of the pressure drop across either the
evaporator or condenser for a series arrangement ascom-
pared with that for parallel is approximately 8:1 for identical
flow rates. The difference in the overall system performance
for series vs. parallel depends upon the magnitude of
evaporator and condenser pressure drops as compared
with the other pressure losses in the chilled and condenser
water loops. Figure 15 compares the optimal system per-
formance for series and parallel chillers as a function of
load for a given wet-bulb. For this system, the trade-offs
between improved chiller performance and increased
pressure drops balance such that overall system perfor-
mance is similar for both configurations. Reducing the
evaporator and condenser pressure drops by 20% did not
have a significant effect upon this resuit.

SUMMARY

Optimization techniques were applied to analyzing the
control of chilled water systems. The important uncontroll-
ed variables that affect system performance and optimal
control variable settings were identified as the total chilled
water load and ambient wet-bulb temperature. Additional
secondary uncontrolled variables that could be important
if varied over a wide range would be the individual zone la-
tent to sensible load ratios and the ratios of individual sen-
sible zone loads to the total sensible loads for all zones.

Control simplifications that reduce the number of in-
dependent control variables and simplify the optimization

‘were also identified. Using these general results, Braun
- (1989), in a companion paper, has presented a “simple”

methodology for near-optimal control of chilled water
systems without storage. The simplifications are also useful
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to plant engineers for xmproved control practices and are
summarized as follows:

1. Variable-Speed Tower Fans: Operate all tower cells
at identical fan speeds.

2.. Multi-Speed Tower Fans: increment lowest-speed
tower fans first when adding tower capacuty
Reverse for removing capacity.

3. Variable-Speed Pumps: The sequencing of

- variable-speed pumps should be directly coupled
to the sequencing of chillers to give peak pump ef-
ficiencies for each possible combination of
operating chillers. Multiple variable-speed pumps
should be controlled to operate at equal fractions
of their maximum speed.

4. Chillers: Multiple chillers should have. identical
chilled-water set temperatures andthe evaporator
and condenser water flows for muitiple:chillers
should be divided according to the chillers’ relative
cooling capacities.

5. AirHandlers: All parallel air handlers’ sheuld have
identical supply air setpoint temperatures.”

No general simplific tions could be found for the opti-
mal sequencing of chilfers-and fixed- -speed pumps. Itis
necessary to evaluate:the overall system performance in

order to determine the optimal points for adding or remov-
ing chillers. In general, it is not optimal to sequence fixed-
speed pumps with chillers.

Additional results and conclusions concerning both |

control and design under optimal control of chilled water
systems are summarized as follows:

1. Depending upon the load characteristics, fixed
values of chilled water and supply air setpoints and
cooling tower approach and range resulted in ap-
proximately 7% to 19% greater cooling season
operating, costs than that for optimal control in
Dailas and Miami.

2. Inthe determination of optimal control points, the
humidity should be allowed to float freely, uniessit
falls outside the bounds of human comfort. In ef-
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chillers

fect, the addition of any constraint reduces the

number of free control variables by one and results

in operation at a higher cost. .

3. Depending uponthe load characteristics, the cool-

.. ing season operating costs'Were approximately

..26% to 43% greater for all fixed-speed equipment

as compared with all variable-speed equipmentin

Dallas and Miami: The most significant difference
was attributed to the chiller. :

. 4 The performance of multiple chillersis enhanced
by orientation in series rather than parallel.
However, the increase in pumping power require-
ments for series chillers offsets the chiller im-
provements and the overall performance for the
two configurations is similar.
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DISCUSSION

Z. Cumali, Principal, CCB/Cumali Associates, San Francisco,
CA: Some of the conclusions presented in this paper do not agree
with the results we have observed in our work.

Thefirstimpression we wish to correct is the fact that solution
of optimal system operation problems does not require drastic
‘specification of models to be applied in reai ume,

The building in which the simplified rules will result in more
energy consumption is described in the reference paper. In sum-
mary the system has four cooling towers, three chillers and cor-
responding pumps, and four major variable volume systems. Al
units have variable speed controf except the chillers. .

1. Setting all supply air temperatures the same does notleadto
even near-optimal results when the coil characteristics and
loads are quite different from unit to unit; when any of the flows
reach minimum or maximum on the air or water side; or if the
relative cost of pumping water is larger than moving the air.
An example of minimum air condition in one unit shows that

Power input

Load in Tons 117 42 75 83 kW
Supply air temperature, °F . v
"~ Optimal ‘52 59 52 52 216
Based on rule 59 59 59 59 247

If all temperatures are reduced to 52°F. then the second unit
will have fess than minimurm required air or result in significant
overcooling. The 12.6% change is typically what one expecis
to save from optimization.

2. Setting chilled water temperatures to be the same does not
produce near-optimal resuits again when the chiller
characteristics are different and minimum or maximurm flow
conditions are reached. Using the same cases as above but

running two chillers, one large and old and one small and

new, we have the following results:

Chilled water temperatures Power input kW

42. 54 343
42 42 363
49 54 375

In the last case we have reached the maximum flow condition
in the first chiller and therefore have to limit the supply temperature
to 49°F,

papers quite often result in considerable increases in energy input.
It is therefore very important that the authors emphasize the con-
ditions and the assumptions which significantly limit the applicability
of their results. eg., the similarity of performance characteristics of
equipment and effects of operational constraints, etc.
Unfortunately, this level of simplification appears to be counter-

mendec! and encouraged for continuing the work presented in
these p.ipers.
Refererce: “Global Optimization of HVAC System Operations
in Real Time,”

Zulfikar Cumali, ASHRAE Transactions, present-

ed in Dallas, TX, 1988.

J.E. Braun: We agree that the “best” solution for determining the
optimal control for a given system is to have a getailed model of the
complete process that operates in paraflel with the actual system.
An optimization algorithm is then applied to this mode! in order to
determine the optimal control. The component-based optimization
methodology presented in our paper addresses this goal.
However. this type of aapproach requires detaled measuremerits
for each component within the system in order to update
parameters of the models so that they adequately match the real
performance. Often these measurements are not available or are
inaccurate. in addition, the description of the system to be model-
ed and optimized requires considerable experuse and the effort is
beyond the capabilities of most installers of Energy Management
Control Systerns.

Our results indicate that this level of effort is not necessary in
order 10 accomplish near-optimal control of these systems. Qur
paper develops a set of heuristic rules for good contral, along with
a system-based approach for determining near-optimal control set
points. Mr. Cumnali brings up an important point concerning the ef-
fects of operational constraints onthe applicability of broad-based
“rules of thumb.” However, common sense heuristics for handiing
these constraints should give near-optimal results under most cir-
cumstances. Mr. Cumali questions two of the rules that were
established and provides examples that he believes cortradict our
results. However, he appears to have misinterpreted and misap-
plied these rules.

The first example presented by Mr. Cumali concerns the rule
of utilizing identical supply air set temperatures for all air handlers
with variable-airvolume (VAV) control. The results of his optimai con-
trol analysis show three out of four air handlers operating with iden-
tical $et temperatures with the fourth set at the minimum value
necessary to maintain the minimum flow requirement. He then.
compares the power requirements for this case with setting afl set
temperatures equal to the one for the air handler that is constrain-
ed atits minimum flow. This is not a correct comparison. The rule
does not state that the supply air temperatures shauld be set to the
value for minimum flow air handler. This rule provides a simplifica-
tion for determining a single optimal discharge air temperature for
air handlers with VAV control, rather than having to treat all
discharge air temperatures as separate variables. When an air

" handler is at minimum flow, then it is no longer utilizing VAV con-

tral. The flow rate is constant and the discharge air temperature
should be adjusted to maintain the room condition. The discharge
air temperatures of the remaining VAV controlled air handiers may
be considered identical in the optimization. It is interesting to note
that the optimal values of discharge air temperature for air handlers

- under VAV control in Mr. Cumali's example are identical.

As these examples show, the conclusions stated in the two™~

productive and possibly misleading in that the casual reader is left -

‘with the impression that the problem may be solved with a few sim-
ple rules. Quite to the contrary, this field of study is complex and
will require much research and many more Ph.D. theses from peo-
ple of the canber of Dr. Braun and his advisors, who are to be com-

The system-based methodology should be applied assum-
ing that no constraints are violated. However, only those air handlers
that are not operating at minimum flow should have their set points
adjusted to the optimized value. Correct application of this pro-
cedure will give results that are much closer to the optimum than
that for Mr. Cumali's example.

In Mr. Cumali's second example, he compares the optimal
power consumption with that for identicai chilled water set
temperatures when operating two chillers. However, the basis for
these comparisons is incorrect. Mr. Cumali compares his optimal
{42 F and 54 F) with 1) identical set points equal to his lower optimiz-
ed value of 42 F and 2) identical set points equal to his upper op-
timized value of 54 F (although the first chiller was constrained to
operate at 49 F). The choice of identical set paints for the com-



parisons isincorrect in that they are not optimizea values. £ach of
the three cases result in significantly different overall chiiled water
supply temperatures. The advantage of utilizing identical set
temperatures is that the optimization process is simplified. The
value of this single set point¢annot be arbitranly established but
must be estimated utilizing anoptimization methadology (eg., as
outlined in our paper). For Mr. Cumali's exarmple. an optimal single
setpaint would fall somewnere between 42 F and 54 F. In order to
handle flow constraints, the system-based methodology snould be
applied assuming that no constraints are vioclated. However, only
those chillers that are not operating at minimum (or maximum) flow
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should have their set points adjusted to the optimized value.

Mr. Cumati has pointed out that a detailed approach yields
reductions in power consumption over simplified procedures.
However, this requires a considerable investment of time and
money. We disagree with Mr. Cumnali's assertion that the level of
simpilification of our methodclogy s counterproductive. This field
has not evolved to a point where on-line optimal control of chilled
water systems using detailed system models is widely applied. Ap-
propriate application of the heuristics and simplified methodology
developed for near-optimal control in this study provide significant
improvements over current practice.






