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Abstract

The energy savings achieved by implementing enefiigiency (EE) lighting retrofit projects are sometimes notansble and
vanish rapidly given that lamp population decays as timesdpyeif without proper maintenance activities. Scope of rre@iance
activities refers to replacements of failed lamps due ta@pairable lamp burnouts. Full replacements of all theéliamps during
each maintenance interval contribute to a tight projecgetdue to the expense for the lamp failure inspections, dsawehe
procurement and installation of new lamps. Since neithemfraintenance” nor “full maintenance” is preferable to tikelighting
project developers (PDs), we propose to design an optimialtereance plan that optimises the number of replacemethe dhiled
lamps, such that the EE lighting project achieves sust&rnadrformance in terms of energy savings whereas the PRindbeir
maximum benefits in the sense of cost-benefit ratio. Thisrggtmaintenance planning (OMP) problem is aptly formulate@n
optimal control problem under control system frameworld aalved by a model predictive control (MPC) approach. Arrogt
maintenance plan for an EE lighting retrofit project is dasijas a case study to illustrate ttkeetiveness of the proposed control
system approach.
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1. Introduction or dirt, lamp burnouts or ballast failures as time goes bysgh
o ) ) ] o lighting failure factors will consequently cause deceadé®th
nghtlng is the first service féered by _electnc utilities and 0 lighting project population and performance. To dedhwi
continues to be one of the largest electrical end-uses. B85 2 e |amp population decay of these EE lighting projects, the

it is estimated that grid-based el_ef:trlc Ilghthg consuéb 1l guidelines [25, 26] apply a penalise factor, which is caliedp
Tera Watt hour (TWh) of electricity, which is 19% of global tajjyre rate (LFR) to the energy savings calculation and fur
electricity consumption [12]. Past research has shownadhat ey restrict that no credits will be issued to the implereent
great potential of energy savings can be generated withrthe €,iects when 50% of the initial population is failed duriihg
ergy dficiency (EE) solution of lighting retrofit [18, 12, 16]. hroiect crediting period. Under these rules, althoughtiigh
The lighting retrofit approach is to replace fheient lamps  giects are allowed a crediting period of 10 years, most of
with efficientones. , o these projects only obtain rebates for the first couple ofs/ea
Due to the great savings potential of lighting energy usageyye to the lamp failures [29, 30]. The EE lighting projects ar

a large number of lighting retrofit projects have been imple|y considered sustainable when the survived lightingfep
mented under various incentive EE programmes such as clegg, is equal to or greater than 50% of their initial popudati

development mechanism (CDM) [17],.white tradable certifi—by proper maintenance. To this end, some latest desigrtes lig
cate (WTC) scheme [20, 1], demand side management (DSth project guidelines [27, 28] request to perform contimsio
programmes [9], and performance contracting [19]. Howevenepjacements of all the failed lamps. Practically, thediihg
_mz_amte_nan_ce has_not been suitably addressed in most ofthe % rriers hold the project developers (PDs) back from pefor
isting lighting projects [21, 29, 30]. And no maintenance ac jnq sych full maintenance policy. Firstly, the maintenaace
tivities are required for the implemented lighting progittthe 4y ities can only be carried out when the project deviceufais
CDM lighting guidelines [25, 26]. For these “no maintenahce gre ghserved during the project inspections. However,jwont
lighting projects, the service level of the installed EENigg  ,4ysly monitoring and sampling the lighting devices’ worki
devices will be deteriorated due to the following lightirdlf o gitions are very costly and time-consuming when large de
ure factors, i.e., flickering, lumen depreciation cause@§  centralised lamp population is involved. Secondly, thenteai
nance activities also require additional investmentsHergro-
UA preliminary version of this paper has been presented iiie World ~ curement and installation of the new lighting devices. Titese
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find an “optimal maintenance” policy that contributes to a-su further improve the designed maintenance strategy. In this
tainable energigost savings whilst the PDs obtain their maxi- study, model predictive control (MPC) approach is intraghlic
mum financial benefits in the sense of the cost-benefit ratio bto solve the OMP problem as it converges to the optimal solu-
optimising the maintenance actions and schedules. The option fast and is advantageous in dealing with the control sys
mal maintenance planning (OMP) problem can be aptly formutem uncertainties and disturbances with the establishofeant
lated under the control system framework and solved by conelosed-loop control system [33, 23]. An optimal mainterenc
trol system approaches. In the literature, the controlesygst plan for an EE lighting retrofit project is designed as a case
approach has been adopted to deal with similar OMP problensudy to illustrate theféectiveness of the proposed control sys-
for various commercial and industrial systems. For inganc tem approach. In addition, multiple simulations are cardat
scheduling of periodic maintenance for transportationiggqu to test the applicability of the proposed model to other Eimi
ments is accomplished by a fuzzy control system approach itighting projects with diferent rebate taftis, different lighting
[10]. Ref. [14] outlines six types of decisions to design thedevice life spans, and filerent unit retrofit prices. The case
optimal maintenance strategy as part of the entire cony®l s study and the simulation results suggest that the propgsgd o
tem optimisation. The principle component analysis (PQ#) a mal control model is widely applicable to other similar cts.
proach has been used in [15] that helps the predictionofffeet ~ The rest of this paper is organised as follows: in Section 2,
and time of future device failures, which also contributeie  the OMP problem is mathematically formulated under control
optimal scheduling of maintenance work. In [13], it designssystem framework as an optimal control problem. Then in Sec-
optimal maintenance policies based on impulse control fsodetion 3, the MPC approach is introduced to solve the OMP prob-
in which the optimal actions and schedules are optimised for lem. Afterwards, an optimal maintenance strategy is design
compound Poisson shock model. In addition, the optimal conin Section 4 for an EE lighting project as a case study to-llus
trol and stochastic control approaches are applied respBct  trate the &ectiveness of the proposed control system approach.
in [3] and [4] to assist the planning of production and mainte Thereafter, multiple simulations results based on the samly
nance in a flexible manufacturing system. are also presented in Section 5 to further explore the patent
The control system framework is also applicable in thisgtud strength and weakness of the proposed approach. Remarks on
since the population dynamics of the EE lighting projects ar the current study and future work are raised at the end.
characterised and modelled as state space equations.riipe la
population decay dynamics of the project are taken as thd pla
of the control system. Practically, the failure dynamicghef 2. Problem formulation
EE lamps vary from dierent individuals due to fferent techni-
cal specifications, working conditions and operating sakesd In this section, the OMP problem is mathematically formu-
In order to simplify the modelling complexities but withdass  lated, followed by discussions on the maintenance policy an
of generality, it is assumed that the lighting project pepioh  lamp population decay dynamics.
be classified into several homogeneous groups, where device
in the same group are of the_ same technical specification (i._ez_l_ Maintenance policy for lighting projects
model, make, rated power, life span, etc.), the same opgrati
schedule and working condition. Consequently, lighting de In order to design optimal maintenance plans for EE light-
vices from the same group are deemed to have the same eneiigg projects, the most suitable maintenance policy thaerov
saving and economic performance, and the same population deoth the maintenance actions and schedules needs to be prop-
cay dynamics. In this case, the state variables can be clagsenerly selected. As defined in MIL-STD-721C [8], maintenance
the survived lighting population in each homogeneous groujctions refer to retain an item in or restore it to a specifig ¢
instead of the workingail status of individual lighting devices. dition. Maintenance actions can be classified by two majbr ca
In order to achieve sustainable energy savings and maximuegories: preventive maintenance (PM) and corrective raaint
project profits, it is recommended to optimally contreplace  nance (CM), where PM means all actions performed in an at-
a number of failed lighting devices during each maintenancéempt to retain an item in specified condition by providing-sy
interval. The number of failed lamps to be replaced is taleen atematic inspection, detection, and prevention of incipfaii-
the control variable of the control system. Adfdient lighting  ures and CM refers to all actions performed as a result of fail
technologies have fierent population decay dynamics and dif- ure, to restore an item to a specified condition [31, 22, 8]. PM
ferent rebate taffis, the control inputs can be optimally decided is commonly carried out at fixed time intervals to improve the
based on the PDs’ budget availability. availability or to extend the life of the system while CM isrpe
Bringing the OMP problem of the EE lighting projects into formed at unpredictable intervals as the occurrence dfrkail
the control system framework exhibits the following advan-cannot be known a priori[13]. In the literature, massiventei
tages. Firstly, the OMP problem can be formulated as an opaance policies have been proposed with cétaetively main-
timal control problem. Optimal solutions to this problem de tenance actions and schedules. These policies are well sum-
termine the optimal maintenance policy, with which sustain marised in [31, 22] in terms of single-unit system mainter@an
able energy savings are maintained whilst the maximum gtroje policies and multi-unit system maintenance polices. Pauti
profit is achieved in terms of the cost-benefit ratio. Secgndl larly, the age-dependent PM policy, periodic PM policyl-fai
classic control theories and methodologies can be applied ture limit policy, sequential PM policy and repair limit po}i
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are specilised for the single-unit systems while the groapmm  time sequencéty} and T are both determinedy can be sim-
tenance policy and opportunistic maintenance policy aretmo ply denoted byk and the time periodt], tx.1) is simplified
applicable to the multi-unit systems. as k, k + 1). x(0) denotes the quantity of the initial installa-
As commented in [31], the aforementioned maintenancdion of the EE lighting devices in thi¢h group. Generally, the
policies are sometimes applied in combination in order to oblighting project OMP problem is to find the optimal control se
tain “global” optimal cost savings. However, the maintezen quencesu(k)=[us(k), u(K), ..., u (k)] within the time period
policy should not be designed too complicated to cause incor{0, K). Hereu;(K) is the control system input, which is the num-
venience in implementation in practice. For the EE lightingber of replacements of the failed lamps during the interkal [
projects with large population, the periodic PM policy issho k+1) in theith group. Then the OMP problem under the control
practical since it neither leads to unequal maintenanesvats,  system framework is formulated in the following generahfior
nor requires records on the unit usage and age. From the PDs’
point gf view, the principle maintenance objective of rurmi X(k+ 1) = f(x(K)) + u(k) + w(k),
y(K) = x(k) + v(K),

the EE lighting project is no longer for longevity of indiwiell
herex(K)=[x1(K), X2(K), . . ., x (K)]", denotes the state variable

1)

lighting device but for sustainable project performance e

bates. Thus on the device level, the CM that refers to d'reaﬁ:at corresponds to the number of survival EE devices for the

replacements of the failed lamps is considered on OCCUBIENG, el k k+1)in theith group. The system outpulk) is

of lamp failures. On the project level, it is more feasible to . . .
. . . .~ the measurements &tk), more preciselyy;(k) is the sampling
perform PM by replacing part of failed lamps at certain main- o it of xi(K) at timek in the ith group. f(x(K)) denotes the

tenance intervals, in order to maintain the lighting projemp- : : . : .

. . . function to characterise the project population decay thyogs.
0, 0,

ulation between 50% and 100%. The CM to the entire prolec}n addition, w(k)=[wa(K), Wa(K), ... wi(K)]T andv(k)=[va(K),

refers to the “full maintenance” policy that is sometimes no T . o )
applicable due to the budget gndtime constraints. \s/i(rkgmentvcljflsfzi rbi?mnc(()atse tr?ai przgg\?g;;g uncertainties and mea
In summary, the most applicable maintenance philosophy for ’ '
the EE lighting projects is the periodic group preventivema 2 3. ighting population decay dynamics modelling
tenance. The periodic PM will be performed at fixed intervals |, order to solve the OMP problem, the lighting population
in terms of diferent countable time intervals such as hourly,decay dynamics modé({x(k)) needs to be characterised. The
daily, weekly, monthly or yearly, depending on the impod&n  cpw guideline [26] has proposed a linear lamp population de-
of the studied lighting systems. For instance, for the g&ner .5y model, which is widely used for CDM projects. However,
lighting services in residential sectors, PDs may be altbe s model is not good enough to characterise the lamp popu-
perform the maintenance actions on annual basis. One may ko decay dynamics as it assumes a constant hazard rate of
gue that nggatlve impacts of not replacing failed I_amps meay bine EE lighting devices [6, 5]. The studies [6, Sfar an infor-
incurred since users no longer have adequate lighting t0 pefative review on the existing lamp population decay dynamic
form necessary tasks. _In practice, this valid concern i& SUI models as can be found in [21, 2]. In addition, [6, 5] also pro-
ably addressed by allowing the users to replace the faife@$a  ,,5eq a general form of the population decay dynamics model
themselyes but excluding the rebate for such replacemems f 1, 1o_calibrating existing models established from bidta
the PDs’ benefits. However, for lighting projects with aréti population dynamics study or from reliability engineeriexg

lighting systems, such as ffi lights, surgery lighting systems, ariments. The general form of the model is provided in Ef. (2
the maintenance actions must be performed more frequ«mtlytp

ensure the required lighting service level. Based on trezsad S(t) = 1 , 2)
maintenance philosophy for the EE lighting projects, trst oé c+aet

the paper will focus on the optimisation of the number ofddil wheres(t) is the percentage of survived devices at titfer
lamps to be replaced at fixed maintenance intervals. a lighting projectt is counted from the completion of the EE

lighting project implementationa = e andL is the rated

_average life span of a certain model of the EE devices. Tledrat

average life span is declared by the manufacturer or reggens

vendor as being the expected time at which 50% of any large
The OMP problem is formulated under control system framenumber of EE devices reach the end of their individual lives

work in this subsection. Given a lighting retrofit projecthwi [26]. bis the slope of decay aris the initial percentage lamp

kinds of EE devices involved, then each kind of EE devices casurvival att = 0. Thus, with a giver, b andc can be obtained

be classified into the same lighting group when itelight- by solving the following equations:

ing group exhibits the same lighting technology, same dpera

ing schedule and working condition. Lgtandt; denote the s(0) =1, 3)

beginning and end of the project crediting period, respebti s(L) = 0.5.

Once the project crediting perioth] t;] and the maintenance

schedules are determindg,= to + kT, k =0,1,..., K -1 s

used to denote the time intervals for the maintenance, where

is a constant to represent the fixed maintenance intervaériWh sk+1)= BES(k)Z - Bs(k) + 9(K), 4)

3

2.2. OMP problem formulation under control system frame
work

The discrete and dynamic form of model (2) is also given in
[6, 5] as follows



where (k) is the survived percentage of the lighting projectwherer; is the rebate per EE device in thik group i = RES;.

population at thekth sampling interval. Note that for dlier- ES; is the energy saving (in kwWh) per EE device that is deter-
ent EE lighting devices, the parametérandc”are diferent mined by the M&V approach. For simplicity, it is assumed
and they can be obtained by the system identification approadhat bothr; andES; are constant during each sampling interval.

proposed in [6, 5]. xi(K) represents the number of survived EE lighting devices in
Given thats(k) in model (4) is a percentage against the totaltheith group during the time period[k + 1). xi(k + 1) is cal-
population, this model can be easily converted into culated by Eq. (5) and
Xi(K+ 1) = Bitix; (K)?/%(0) - Bixi(K) + xi(K). ®) x(k+ 1) = fi(%(K)).

Note that the Eq. (5) is only applicable when the following as

sumptions hold., As discussed previously, proper replacements of failecotam

contribute to a sustainable project performance, whichooit-

1) The lighting project involves a large number of lighting de- sequently increase the PDs’ benefit. From PDs’ point of view,
vices such that Eq. (5) is statistically representativeifer ~ although the project maintenance brings additional besjefit
lighting population decay dynamics. requires extra investments. If a numberuik) failed EE de-

o _ ) ) vices will be replaced during the time intervéd k + 1), then
2) The lighting devices in théh category are homogeneous he PDs’ benefit is calculated by

and follow the same failure dynamics.

~

-1
3) The time delay for the individual lighting device instaitat M = > > [rx(K) - et (K] - O (8)

|
and commissioning can be ignored. —

=
I

0

4) The replacements of the failed lighting devices will not

] : wherex; (k) represents the number of survived EE lamps in the
change the lamp population decay dynamics.

ith group during the time period[k+ 1) andx;(k) is calculated

L . by the state equation in Eq. (1). When replacing the failed EE

2.4. Contrt?l ol:.)Jectlve.and constramts ] ) devices, the additional investment needs to cover the egsen
For the lighting projects mentioned in Subsection 2.2, PDSq, each replacement, which is calculateddayi (K) .

will receive diferent rebate values for installingfidirent types With additional investments for a proper project mainte-
of EE lighting devices, denoted I® (R'/kWh) on annual basis nance, the PDs’ absolute bendfi might be greater thaf,.
after the project implementation if the projects are maid o ever, a greatefl, does not imply that the project with
sustainable over the crediting period. However, PDs hapayo  maintenance is more beneficial than the project without main
for the project transaction cost including the projectdesim-  (anance since this is not a fair-comparison. To ensure a fair
plementation, performance evaluation and maintenan¢®@att comnarison, the total project benefit needs to be normalised
own budget. The initial investmend, of the project is esti-  5gainst the total project investment. This normalised evadu
mated by | called cost-benefit ratio between the total project profit tre
_ . total projectinvestment. The cost-benefit ratjdor the project
1= ;a' %(0)+ 5, ©6) without maintenance is calculated bBly/®;. The cost-benefit

whereq; denote the cost related to individual EE lighting de- ratio J; for the project with maintenance is calculatedby ©;

. . . . where
vice, including the procurement, delivery, removal of ad ol | K-l
device and installation of a new device in itfelighting group; 0,=0; + [@iui(K)].
B denotes the project transaction cost, usygalbccupies 10% i-1 k=0

of ®; and it is a once-fi expense per project.

The performance of an energy conservation project is usuall
quantified by a measurement and verification (M&V) approach ] I,
[11, 32]. The lighting project performance is calculatectiy min - J o, (9)
product of the number of survived lighting population and th
average savings of individual EE lighting unit. As time gbgs
the total project rebate will become less and less giventhizat

Therefore, to maximise PDs’ benefits, the objective funciio

The inequality constraints of the OMP problem are given as

lighting population decays if the failed EE lighting devicere %(k) = %(0),
: , . , xi(K) > 0.5x;(0), (10)
not replaced. In case no maintenance is carried out, the PDs D ket . .
izt Zjolaiui(j) —rixi(j)] < 0,

benefit is calculated by

~
[u

| where the first two constraints indicate that the projectybep
I = Z rixi(k) — O, (7)  tion shall be within the boundary of [0xg0), x(0)]. The lower
i=1 k=0 bound is designed to guarantee the projects’ sustainalle pe
formance. The upper bound is a hard constraint si(® is
IR is short for the South African Currency: Rand. The annuataye Usp ~ decided by the project scope boundary. The third constisint
to Rand exchange rate in 2013 is 1 USIR 9.65. the limit of the available budget for the maintenance. Ineoth

=~
I




words, the expense for the maintenance at timneust not ex-
ceed the cumulative available profits of the project at theadn ~
the time period [0k — 1). Apparently, the requirements of the I = Z
“full maintenance” may sometimes violate the third coristisa
The OMP problem is then translated into an optimal control 3 | m+N-1
problem as follows: 0, =0, + Z Z [eiUilm()]. (16)
Given the control system dynamics (1), the objective fuorcti i=1 h=m
(9) and the inequality constraints (10), the OMP problemis t  Both the objective functions (11) and constraints (12) are
find an optimal control sequenagk) that minimises) subject  nonlinear as the population decay dynamics model in Eg. (5)
to the equality constraints (1) and inequality constra(e. is nonlinear. The interior-point algorithm is chosen to tufi
The formulated OMP problem can be directly solved by openhe optimal solutions [24]. The MPC formulation of the OMP
loop optimal control techniques when random measurement eproplem in (11)-(16) can be solved over the prediction horiz
rors and model uncertainties are negligible. However, due t[m m + N) given the initial conditiorx(m). Let the obtained
the unavoidable uncertainties and disturbances couplétein - optimal control inputs be denoted 0y lmi = 1,2,...,1}, then
OMP problem, it is more appropriate to adopt a closed-loopynly the optimal solution in the first sampling periat, n+ 1)
control approach that is robust against the system unoéesi s applied, denoted b lm=um(1). According to Eq. (12),

m+N-1

|
[riXiIm(h) — @iUi|m(h)] — ©1, (15)
i=1 h=m

and disturbances to solve the problem. the obtained optimali|m is applied to calculate(m + 1) and
y(m+1). y(m+1) then becomes the initial condition of the MPC
3. MPC algorithm to the OMP problem formulation over the next prediction horizomf 1, m+ N+ 1).

Thus a closed-loop feedback is obtained. In case of applying
This section proposes an closed-loop MPC approach to solv@e MPC approach on a finite time interval with lendgththen
the OMP problem due to its superiority in handling the pdssib the optimisation horizon (or control horizon, which is e
modelling uncertainties and measurement disturbancesein t |ent to prediction horizon in this study) is reduced\e= K —m
control systems. whenN > K — m. This process will be repeated until all the
The OMP problem in Section 2 is defined over thegptimal control inputsr are obtained over the period, ).
time interval [0, K) to optimise the control variables For an undisturbed control system model, where the mod-
[Ui(0). ui(1), ..., u(K — 1)]. Itis obvious that when the same g|ling uncertainties(k) and measurement disturbaneés are
OMP problem is considered over the time interval, [m +  not considered, the system outy(k) equals the predicted state
N), m € [0,K), then the control variables are changed intoygriablex(k) and is taken as the initial state for the optimal con-

[Uilm(m), Uilm(M+1), ..., Uilm(m+N = 1)]. Inan MPC approach, - tro| problem over the next finite horizon. The above ideas can
a finite-horizon optimal control problem is repeatedly solv  pe formulated a#lgorithm 1.

and only the first control input is applied to the system. Con-
sider an optimisation horizon with lenghth the OMP problem
over the time intervalh, m+ N) can be defined as the following
optimisation problem:

Algorithm 1: MPC algorithm to the OMP problem
Initialisation: GivenK, N and inputx;(0) and letm=0.

1. Compute the optimal solutidu’|m} of the problem
formulated in (11)-(16).

subject to state and input constraints 2. Apply the MPC controli|, to the OMP problem. The

rest of the solutiongu;’|n(h)} are discarded;(m+ 1)

is calculated by

min jz = —ﬁz/éz, (11)

Xilm(M+ h) < x(0),
Xilm(M+ h) > 0.5%(0),

_ 12 _
(M) + 3l S aiUilm(@) — rixlm(@)] < O, (12) xi(m+ 1) = fi(x(m)) + Ui|m.
Xim(M+ h) = fi(XIm(M+ h = 1)) + Uilm(m+ h - 1),
) i 3. Letm:=m+ 1 and go back to Step (1).
and the terminal constraint
|
Z [@itilm(m+ N — 1) - riXIm(m+ N - 1)] <0, (13) The above MPC algorithm is executed over the entire control
i=1 period [Q K) to solve the OMP problem.
whereh € [1,2,. .., N) and the notatiofy, means that the value _ )
is obtained based on the information available at timeand Afa;sumptlon 1. Parametersy;, ri and decay function; (x) sat-
isfy:
I m-1 0.5rix (0
wm = Slaii@ - rix@ 19 05%(0)- fE8KO) < o )
I

i=1 g=0

denotes the cumulative available profits at the end of the timRemark 1. Assumption 1 indicates that, ifi(¥) happens to
reach its lower bound, there always exists a beneficial @bntr

eriod [Q m- 1), andu;j(q)’s are the control inputs obtained at > ) T .
Ei)meq @ ) i@ P u = 0'5%(0) to guarantee thatxj + 1) is within constraints.



Proposition 1. Suppose that all parameters satisfy the condi-

tion given inAssumption 1. With the MPCAlgorithm 1, the
closed-loop system possesses the following properties:

1. the optimisation is always feasible, if it is feasible at K);

2. there are benefits after retrofitting in every step, or namely

n(m) < 0.

Pr oof.

1. Atk = 0, the optimisation problem (11) is feasible. It will
be proved as following that feasibility & = | implies
feasibility atk = j + 1.

Suppose that, & = j, the optimisation problem (11) is
feasible, and its solution can be obtained by

urly = [W1i(). - i+ N =117
The corresponding states are
Xl*ll = [XI*|J(J)7 Tt X|*|J(J +N - 1)]T’

wherex!|j(j) = x(j). The above optimal solution and the

indicating a full maintenance terminal control that sagisfi
all constraints.
As aresult, ak = j+1, it can be found at least one feasible

solution
Uilj+1 é[ui|j+1(j +1), -, Uiljea(j + N = 1), uilja(j + N)]T
:[UHJ(] +1),---,u % |J(j +N-1), UI*|](J +N = 1)]T

(21)

that satisfies all constraints in (12) and (13), indicathreg t
the optimisation problem (11) is feasiblelat j + 1.
According to mathematical induction, the optimisation
problem is feasible at all future times, if it is feasible at
k=0.

. Given that the optimisation is feasible, the fact th(at) <
0 follows directly from the third line of constraint (12).

0

Remark 2. In this study, the proposed MPC is actually em-
ployed to solve an optimisation problem (instead of a cdntro

corresponding states satisfy all constraints given in (12Problem). Stability of the closed-loop system is triviaice

and (13).

According toAlgorithm 1, the first element ofi’|; is im-
plemented; consequenthy(j + 1) = x*|;(j + 1).

Then, ak = j + 1, select

Uilj+a(J + 1) =ui(j + 1),
Uilj+1(j + 2) =4l;(j + 2),

Ulj+2(j + N = 1) =uf|;(j + N - 1).
It follows that

Xilj+1(j +1) =x1;(j + 1),
Xilj+1(j +2) =x1;(j + 2),

Xilj+1(j + N = 1) =x1;(j + N = 1).

system states are always bounded due to constréi)s Con-
sequently, proofs of feasibility and benefits argisient to the
optimisation problem.

Remark 3. Robustness is an inherent property of MPC, and it
is the very beginning motivation when MPC is firstly invented
MPC is able to detect thefects of disturbances when measur-
ing the current states, and make corresponding compensatio
To guarantee better robustness, some variations are intred

to Algorithm 1 as follows.

In practice, the modelling uncertainties and measurement
disturbances are unavoidable. For the lighting projelbtspte-
dicted system states that refer to the survived lamp padpulat
may not be the same as the actual ones. Also, measurement
of the survived lamps is done on sampling basis, usually by
M&YV inspection bodies, due to the large number of lamps in-
volved. Therefore, the MPC approach developed is applied to
a disturbed system with sampled measurement feedback and

It is obvious that the above predicted controls and statedeals with the uncertainties and disturbances in a closegl-|

satisfy constraints (12). Select

Uilj+a(j + N) =
n M %i(0) = f(xilj+a(j + N)) |- 4o

At k = | + 1 the terminal constraint (13) is satisfied, indi-
cating that the third line of constraints (12) is satisfied.
If ©X20 < 0) — £(xlj42(j + N)), then

riXilj+1(j + N) _ 0.5ri%(0)

a; a;

Uilj+1(J + N) = (19)

assuring that the first two lines of (12) are satisfied.
If X0 > 5(0) - F(xljaa(j + N)), then

Uilj+1(J + N) = x(0) = f(Xilj+2(j + N)), (20)

way. That is, the sampled measurements that are not equal to
the actual number of lamps survived are used as feedback in-
formation by the controller in optimisation. To demonstrat
influences of the uncertainties and disturbances and téyveri
the MPC method’sféectiveness in coping with them, tiAdgo-

rithm 1 is modified accordingly: In Step (2), the actual state is
obtained by

xi(m+ 1) = fi(x(m)) + Uilm + wi(m), (22)
and the measurement of the system output
yi(m) = xi(m) + vi(m) (23)

is taken as the true plant state by the MPC controller in tixé ne
optimisation horizon to improve the plant performance. The
termsw;(m) andvi(m) are simulated by-¢&; + 2&;6(m), where



6(m)’s are independent and identically distributed random-num

. . Table 1: Information of the lighting project
bers in [0,1] and;’s are the error bounds. Thus an evenly dis- gTng pro)

) . Parameters CFL group LED group
gljbr?r:edegrcrﬁ ;Zomm;& to ‘? IS aldded on the system stategr) Initial population  x;(0)=404876 x,(0)=207693
9 pling Interval. Unit retrofit price a1=R 32 a2=R 260

Daily burning hours O;=5h 0,=10h
4. Casestudy Power of old lamps  P;=60 W P,=35 W
In this section, an optimal maintenance plan designed for a Power of EE lamps  P,=14 W Po=4 W
L N . Rebate per kWh R;=R 0.42 R,=R 0.55
lighting retrofit project is taken as a case study to illustithe . = =
effectiveness of the proposed optimal control system approach Coeﬂic!ent L b}Cl = 0.7478 t1202 ~ 0.8936
Codficient 2 ¢, = 0.8553 ¢ =0.9201

in solving the OMP problem.
A lighting retrofit project is going to be implemented to re-

duce the lighting load in various residential household®& - 4nq syrveyed lamp survivailure rate of the lighting project
Northern areas of South Africa. This lighting project is BP0 ,onjation is available as the feedback signals of the obntr
sored by a local utility under the national demand side menag gysiem.

ment programme. A large number of ener@iyent CFLs and "1 codficients in the population decay dynamics model (5)
LEDs will be installed to replace eX|st|ng ifiient incandes-  41¢ identified by the system identification approach propase
cent lamps (ICLs) and halogen downlighters (HDLS), respecg 5) and also provided in Table 1. The annually sampled lamp
tively. According to the project regulation policies, tleemoved population decay patterns are presented in Fig. 1, whetethe
HDLs and ICLs will be counted, stored and destroyed by & conj;onta) axis indicates the project crediting years and tésal
tracted disposal company. The CFLs to be installed haved rat 4yis shows the survived lamp population. Obviously, withou

life of 3 years while the LEDs have a rated life of 6 years. Theproper maintenance, the lamp population decreases vérnpfas

energy diciency lamps have the equivalent lumen to the re-;qrq a5 time goes by, which will cause a cease of projecteebat
placed old lamps. The adopted CFLs and LEDs are naturally

classified into two homogeneous lighting groups as lamps in « 10°
each group share the same technical specification, same work 45
ing condition and operating schedule. Therefore, the same |
population decay dynamics can also be observed and modelled
in each lighting group.

PDs are encouraged to implement the project at their own
cost and dierent rebate rates will beffered by the project
sponsor to dterent lighting technologies. Since the unit retrofit
price of an LED is more expensive than that of a CFL, the
PDs will receive a higher rebate rate from the installatiohs
LEDs. The project qualifies a crediting period of 10 years; du o5k
ing which PDs can receive their rebates on annual basis if the
population of the newly installed EE lighting devices arempr
erly maintained. If more than 50% of one kind of lamps is mal-
functioned, then the project rebate will be ceased. Theeptoj Figure 1: Survived lamp population without maintenance.
performance in terms of energy savings will be reportedat th
end of each crediting year by a third-party M&V inspection
company. The number of survived lamps will also be inspected For this case study, all computations are carried out by the
by sampling and surveys at each reporting interval. Once lamMatlab program. In particular, the optimal control inpute a
failures are observed, PDs’ are allowed to replace somdljor a computed by the “fmincon” code of the Matlab Optimisation
of the failed EE devices at the end of each crediting year tdoolbox [33]. The optimisation settings of the “fmincon’rc
avoid the cease of project rebates. More project detaitotira  tion are shown in Table 2, where the interior-point algarith
tained from the project participants are listed in Table 1. is chosen as the optimisation algorithm; the three terrignat

In order to obtain an optimal maintenance plan for the abovetolerances on the function value, the constraint violgtamd
mentioned lighting project, the optimal control sequengélg  the design variables are also given. In addition, “fmincon”
need to be identified by the MPC algorithms that are introduce calculates the Hessian by a limited-memory, large-scadsigu
in Section 3 with the application of the initial condition§ 0 Newton approximation, where 20 past iterations are remem-
the parameters appear in (11)-(16). The relevant initihlesa bered. Besides these settings, a search starting pointhand t
are listed in Table 1. As discussed, the periodic PM mainteboundaries of the control variable are also assigned. For th
nance policy is applied to this lighting project. For thisdt, = MPC approach, the optimisation horizhris chosen as 5 years.
the maintenance intervals are decided to be one year in order The computation results are presented in Figs. 2-3 and Ta-
to align with the annual project performance reporting by th ble 3. In the Figs. 2-3, the horizontal axes indicate thequtoj
M&V practitioners. The advantage is that the latest samplearediting years and the vertical axes show the survived lamp

7
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The key performance indicators (KPI), such as the total in-

Table 2: Optimisati ttings. T L
oo 2 —PImeaton SeTngs vestments (in million Rand (MR)) , total profits (in MR), the

Categories  Options

Algorithm __interior-point cost-benefit ratio, and the total energy savings (in MWh) for
TolFun 104 the lighting retrofit project under the scenarios with no miei
TolCon 107 nance (NM), full maintenance (FM), and optimal maintenance
Lc:ali(sian 1ﬁ’bfgs,| 20 strategies are calculated and summarised in Table 3. Tlegse k
Ib: 0 performance indicators in Table 3 are calculated without- co

ub: x1(0) + %2(0) sidering the control system disturbances and uncertairifiee

u (0): LY comparison of the performance between no maintenance and

optimal maintenance strategies indicates that the enexgy s

ings increase by 140% with the optimal maintenance strategy
In addition, PDs receive 279% more profits with an extra 28%
Snvestment for the project maintenance. As commented in [7]

: : : : X " a cost-benefit ratio above one indicates a beneficial progeam
tion without controlmaintenance. The stem lines with a cir-

. : nd a higher cost-benefit ratio implies better financial Gene
cle (in red) denote the number of failed lamps to be replacea 9 S '\ rato Implies I !

the 10 diti 0d. As sh by th lidsi o the PDs. Thus the lighting project without maintenance is
over the 19-year crediting period. AS shown by Ih€ SOASINe 5 e eficial to the PDs as the cost-benefit ratio 0.7148-is be
(in blue), lamp failures are identified at the end of each yea

th ber of th failed devi il b laced drlow one. When comparing the performance between the full
€n a number of these failed devices Will be replaced as U4y intenance and optimal maintenance strategies, it igodxte
noted by the stem lines. The optimal control strategy in th

" i &hat with the optimal maintenance strategy, the total ptdje
CFL group tends to maintain the lamp population to the fu”vestment is 7% less while the total project profit is 2% more

Eg%ulatlon oyer;hebentlrel creglgn? perlot?]. F;?;/]vev(ejr,lgﬁﬂa than the same performance indicators under the full mainte-
S are going to be replaced between the an Y€alance strategy. It is also found the cost-benefit ratio of the

optimal maintenance strategy is 9% greater than that ofuthe f

population. The solid lines (in blue) denote the systenestat
of the annual survived lamps over the crediting period. Th
dash-dotted line (in black) denotes the survived lamp popul

(10° maintenance strategy. Although the project energy savisiitys
45 Yy — No control —o (9 the full maintenance strategy is 1% higher than that of the op
4F ” ” ” ” ” ” ” i mal maintenance strategy, there are potential risks tieafuth

maintenance strategy cannot be physically implementedalue
the PDs’ budget constraints.

As discussed in [33], the MPC algorithm is robust against the
control system uncertainties and disturbances, whichbéshi
: better performance than the open loop optimisation apjproac
i 1 In practice, the modelled or measured control system stadys
- 1 not be exactly the same as the actual system states due to-the u
avoidable modelling and measurement uncertainties. lerord
to test the performance of the MPC algorithm in dealing with

EE device Quantity
= N w
(6] N [63] w (6]
T T T T T
r
I
pm—
I

[
T

o 3
o
N —o
o
»>—o
—e- -
!
oo
o
o |l—o
Lo
&

0 vear 10 the uncertainties and disturbances, an evenly distriberieal is
added on the measured system states and a system output feed-

of the random noises arel %x; (k) in each lighting group given
the large scale of the lighting project population.

25

l x2(k) — — —x2(0) - — —- No control —© u2(k)
Table 4: MPC v.s. open loop optimal solutions.
2 oy T e— " " 1 Key performance indicators  MPC  Open loop
> - Bl Total investment 95.868 95504
§ 15 L ] Total profit 201.280  198.030
2 i Cost-benefit Ratio 2.0995  2.0735
8 af L | Energy saving 636580 629970
w
w

o
wn

The project key performance indicators calculated with un-
certainties by both the MPC approach and the open loop ap-

9 0 o o o o oo proach are given in Table 4. If the uncertainties were not re-
0 2 Y e 8 10 vealed and handled by the MPC approach, then the project key

performance indicators would have been calculated by apply

Figure 3: Optimal control strategy for the LED group. ing the open loop optimal solutions directly to the scenario

Comparing the performance indicators in Table 4, the result



Table 3: Project key performance indicator analysis.

Key performance indicators NM FM oM OMv.s.NM OMv.s. FM
Total investment 74396 102.61 95.507 28% -7%
Total profit 53.180 197.95 201.650 279% 2%
Cost-benefit Ratio 0.7148 1.9293 2.1113 195% 9%
Energy saving 265500 642880 636690 140% -1%

NM: no maintenance; FM: full maintenance; OM: optimal mairdnce; v.s.: versus.

from MPC approach exhibits better economic benefits and en- 4
ergy savings. This verifies the advantageous performartbe of 35
MPC approach for the OMP problem against other open loop | _ 3
optimisation approaches. It also reveals that the MPC ambro g 25
with the system output feedback is able to handle the control g2
system uncertainties. £ I I
<3 1
- - " N J 0
5' smUIatlonS on mOdeI a.pp||Cat|0nS 1.5Re 1.2 Re 1.1 Re Re 0.9 Re 0.8 Re ;5 Re

Rebate Tariff (Re)
The case study in Section 4 successfully demonstrates the
advantageous performance of the proposed approach. In orde
to test applicability of the proposed model for the OMP desig
of similar lighting projects, the model performances imer
of the project cost-benefit ratios are calculated and coetpar
under three scenarios:

B No maintenance B Optimal maintenance Full maintenance

Figure 4: Model performance versus rebateffari

5.2. Model performance versus unit retrofit price

1) Model performance v.s. rebate téri . _ . I
) P ey The unit retrofit prices may befliérent for diterent lighting

2) Model performance v.s. lighting life span; retrofit projects. In the case study, the unit retrofit prieelé-
noted byP,={32, 26Q, which represents R 32 per CFL retrofit
3) Model performance v.s. lighting unit retrofit price. and R 260 per LED retrofit. In order to investigate the model

performance against fiérent unit retrofit prices, a simulation

The simulation results are presented in three subsect®oftd-a 5 -5rried out as follows. The maximum project cost-benefit

lows. ratio with P,={32, 26Q is calculated by the introduced MPC
. approach as a reference. In the simulatiBpjs changed by
5.1. Model performance versus rebate fari +10%, +20%, and+50%. The model performance indicators

For lighting retrofit projects registered undeffdient energy ~ are calculated each time whéh changes. The simulation re-
conservation programmes, the rebateffsninay be dferent. sults are shown and compared in Fig. 5. It is observed that
In the case study, the rebate fBis Re={0.42, 0.55, which rep- the project performance drops when the unit retrofit price in
resents R 0.4RWh savings for CFL retrofits and R 0,58Vh creases. Moreover, for a given rebateffathe project cost-
savings for LED retrofits. In order to investigate the modatp benefit ratios calculated by the optimal maintenance, failm
formance against ffierent rebate taffis, a simulation is carried tenance, and no maintenance strategies are in the firshdgeco
out as follows. The maximum project cost-benefitratioigsgal @nd third places, respectively. This observation is coewsts
lated by the introduced MPC approach wiRb={0.42, 0.55% as with the conclusions draw from the case study. The control in
a reference. In the simulatioR. is changed by-10%, +20%,  Puts of the optimal maintenance strategies are exactlyaime s
and +50%. The model performance indicators are calculateds Presented in Figs 2-3.
each time wheiR; changes. The simulation results are shown
and compared in Fig. 4. It is observed that the project perfor>-3- Model performance versus lighting life span
mance drops when the rebate fiadecreases. Moreover, fora  As discussed in Subsection 2.3, life span determines the
given rebate taff, the project cost-benefit ratios calculated by lighting population decay dynamics. Lighting devices wi-
the optimal maintenance, full maintenance, and no maimigma ious life spans may be involved in figrent lighting retrofit
strategies are in the first, second, and third places, régplgc  projects. In the case study, the average lighting devieesfiian
This observation is consistent with the conclusions draunfr is denoted by={3, 6}, which represents an average life span
the case study. It is also noted that when the rebat thdps  of 3 years for CFLs and 6 years for LEDs. In order to investi-
by 50%, the project cost-benefit ratio becomes negative. Thgate the model performance againsfatient lighting life spans,
control inputs of the optimal maintenance strategies aaethx  a simulation is carried out as follows. The maximum project
the same as presented in Figs 2-3. cost-benefit ratio is calculated by the introduced MPC apgino



control theories such as optimal control and MPC can be eas-
ily applied to solve the maintenance planning problemsHer t

=N

5
2, energy #iciency lighting projects.2) the maximised lighting
= project performance and PDs’ profits in the case study glearl
§ } illustrates the advantageous performance of the optimai-ma
82 tenance strategies to the lighting project3) The proposed
1 J J J control system approach in solving the OMP problem will be
0 J widely applicable to other similar projects. The results-pr
L5Pr  12Pr  LIPr Pr 09Pr  O08Pr  05Pr sented in this study will surely contribute to improvemeuits
Unit Retrofit Price (Pr) the energy fliciency project plans and programme regulations.
=No maintenance = Optimal maintenance = Full maintenance This work is also worth of further improvements from the
following aspects:1) The optimal maintenance strategy is de-
Figure 5: Model performance versus unit retrofit price. termined under the periodic group PM maintenance policies.

Obviously, the optimal maintenance plans can also be dedign

under other applicable maintenance policies, such as tae ag

dependent PM policy, periodic PM policy, failure limit poji
with Li={3, 6} as areference. Inthe simulatidnjs changed by  sequential PM policy, repair limit policy, opportunisticinte-
+10%,+20%, andt50%. The model performance is calculated nance policy, or any policies established as combinatibtieo
each time wherh; changes. The simulation results are shownaforementioned maintenance policiéd. The optimal mainte-
and compared in Fig. 6. It is observed that the project perfornance strategy can be expanded to be more general and applica
mance drops when the device life span decreases. Moreower, fyje for EE projects with more than two lighting groups or with
a given rebate taffi, the project cost-benefit ratios calculated by pther technologies such as air-conditioning systems oemwat
the optimal maintenance, full maintenance, and no main&a peating systems once the population decay dynamics aré-iden
strategies are in the first, second, and third places, réeplfc  fied. 3) It is also interesting to explore the optimal maintenance
This observation is consistent with the conclusions draunfr  olicy design over longer project crediting periods or iitéin

the case study. project crediting periods.
4
35 140000
o 3 120000
E25s £ 100000
z :
2 2 2 80000
2z =
215 9 60000
=} =l
S & 40000
0.5 I 20000
0 0
1.5Li 1.2Li 1.1Li Li 0.9Li 0.8Li 0.5Li
Device Life Span (Li) Year
®mNo maintenance ™ Optimal maintenance Full maintenance —@— CFL (1.5 Li) —&— CFL (1.2 Li) —%— CFL (1.1 Li) —%— CFL (Li)

—e—CFL (0.9 Li) CFL (0.8 Li) CFL (0.5 Li)

Figure 6: Model performance versus device life span.
Figure 7: CFL replacements versus device life span.

The control inputs of the optimal maintenance strategies fo
lighting projects with various life spans are presentedds - 25000
8. In both figures, it is observed that less lamps need to be 20000
replaced for lighting projects with longer lighting life aips.
For the CFL group, the optimal solutions tend to apply the “fu
maintenance” strategy. But for the LED group, specific opti- 10000

mal strategies are recommend for lighting projects witfedi 5000 | g% %
ent lighting life spans. . N
1 2 3 4 5 6 7 8

Year

6. Remarksand futurework —#—LED (1.5 Li) —&— LED (1.2 Li) —— LED (1.1 Li) —%— LED (Li)

—o—LED (0.9 Li) LED (0.8 Li) LED (0.5 Li)

15000

LED replacement

The major contributions of this study can be summarised
as follows: 1) to formulate the optimal maintenance planning Figure 8: LED replacements versus device life span.
problem into the control system framework, whereby thesitas
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