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AB
ST

RA
CT Paper quality has greatly benefited from the application of multivariable cross-direction (CD) controls. There are, however, some challenging 

production processes that require an industrial adaptive alignment solution to prevent the degradation of optimal performance due to sheet 
wander and sheet shrinkage. A high-production linerboard machine, where it is typical to have multiple CD actuator beams with narrow 
zone spacing controlling critical parameters such as CD reel moisture and dry weight for a wide range of production grades, is a common 
example of a challenging control opportunity. 

The multivariable controller presented in this paper has been configured to minimize CD reel moisture and dry-weight variability by 
coordinating three CD actuator beams: a dilution profiler, a steam shower, and an Aqualizer™ rewet system. The challenges have been 
handled by configuring the multivariable CD controller to operate both dilution profiler and rewet system CD actuator beams with adaptive 
alignment.
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MULTIVARIABLE CD CONTROL WITH ADAPTIVE 
ALIGNMENT FOR A HIGH-PRODUCTION 
LINERBOARD MACHINE

The application of  cross-directional mul-
tivariable predictive control (CD-MPC) is 
becoming a trend in advanced control ap-
plications within the papermaking indus-
try due to the excellent results achieved on 
all types of  paper machines. The upgrade 
from traditional controls to CD-MPC on 
many paper machines has consistently 
shown improvements to the quality of  the 
finished product. CD-MPC provides op-
timal coordination of  the actuator beams 
controlling all sheet properties. The ben-
efits of  using CD-MPC in the paper in-
dustry are well documented in [2]–[11].

It is well known that a single actuator

beam can affect multiple sheet properties 
and that multiple actuators can affect the 
same sheet property; for example, dilu-
tion profilers that are primarily designed 
to control dry weight have a strong impact 
on the moisture profile. A practical appli-
cation to take advantage of  this interac-
tion is to coordinate the dilution profilers 
with steam showers and rewet systems to 
achieve optimal performance in reducing 
both dry weight and moisture profile vari-
ability. 

CD-MPC uses multiple array-based 
models for all CD processes, which are 
identified using an industrial off-line  identi-

fication tool [1]. The determination of  
tuning numbers to achieve optimal per-
formance with CD-MPC within a reason-
able time is also critical for its use in the 
papermaking industry. An industrial tool 
has been developed [2] that determines 
the tuning parameters using robust con-
trol tuning algorithms and takes physical 
constraints into account when predicting 
the steady-state and dynamic performance 
of  the closed-loop system.

However, CD-MPC optimal perfor-
mance achieved during commissioning 
can rapidly degrade due to varying sheet 
shrinkage and wander, which can lead to 
misalignment between the centres of  in-
dividual CD actuators and the centres 
of  the corresponding measurement re-
sponses. Misalignment may cause quality 
degradation in the finished product and 
unnecessary CD actuation at higher spatial 
frequencies, a phenomenon commonly re-
ferred to as “actuator picketing” by paper-
makers.

For the high-production linerboard 
machine described in this paper, in which 
335 manipulated actuator zones are dis-
tributed over three actuator beams, the 
production challenges due to significant
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sheet shrinkage changes across a wide 
range of  production grades have been 
addressed by implementing a centralized 
CD-MPC controller in which both dilu-
tion profiler and rewet system CD actua-
tor beams operate with adaptive alignment 
[12]. The implementation of  this strategy 
has significantly reduced the overall com-
missioning effort, has preserved the origi-
nal CD-MPC optimal performance across 
all production grades, and has provided a 
financial benefit estimated at US$ 300,000 
per year.

MULTIVARIABLE CONTROLLER

The underlying process model for CD-
MPC with support for measurable distur-
bances is implemented using the augment-
ed state-space representation described by 
Eq. (1):
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 are the measurement pro-
files, actuator profiles, and measurable dis-
turbance profiles respectively. Ny, Nu, and 
Nv are the numbers of  controlled sheet 
properties, actuator arrays, and measur-
able disturbance arrays respectively. m , 

u
jn , and v

jn  are the common measurement 
resolution, the number of  the jth actuator 
array, and the number of  the jth measurable 
disturbance array respectively. Td is the 
time delay, and k denotes the discrete time.

The optimization problem is for-
mulated as a quadratic program (QP). 
The controller is implemented in velocity 
form, meaning that the controller outputs 
are changes to the actuator set-points rath-
er than the absolute set-points. The opti-
mization problem is reformulated at each 
control interval and solved using a special-
ized QP solver. 

CD-MPC is different from a conven-
tional MPC in two aspects, both result-
ing from the spatial component of  the 
process. First, each CD actuator and CD 
measurement is an array rather than a sin-
gle variable. This adds complexity to the

implementation and results in very 
large system sizes. Second, the spa-
tial aspects of  the process come with 
specific control objectives that are 
not captured by a conventional MPC. 
Equation (2) shows the optimization for-
mulation for CD-MPC. The optimiza-
tion involves solving a quadratic objective 
function J subject to linear constraints.

where )(tE
pH  contains the future pre-

dicted error profiles of  the measurements 

over the prediction horizon pH . The fu-
ture predicted error profiles are a func-
tion of  the current state, the process and 
measurable disturbance models, and the 
future actuator set-point profiles.  )(tU

cH∆  
contains the future delta set-point profiles 
of  the actuators, that are to be determined 

over the control horizon cH . For predic-

tion, it is assumed that the )( ktU
cH +∆  are 

zero for time intervals beyond the control 
horizon. Bm is the bending moment matrix, 

and )(tU
cH  contains the future absolute ac-

tuator set-point profiles. Each )(tU
cH  term 

can be expressed in terms of  )(tU
cH∆  as:

The iQ  matrices are diagonal and contain 
the tuning parameters. The iQ  parameters 
all represent closed-loop quality aspects 
that are easy to explain.

1Q  enables the user to specify the 
relative importance of  the controlled sheet 
properties. For example, the moisture pro-
file could be given more importance than 
the weight profile in a linerboard applica-
tion.

2Q  is used to specify the dynamic 
aggressiveness of  the controller. The 
controller can be dynamically detuned by 

increasing 2Q .

3Q  enables the user to specify the 
spatial aggressiveness of  the controller. 
The controller can be spatially detuned by 

increasing 3Q . By selecting 3Q  appropri-
ately, actuator picketing can be guaranteed 
not to build up over time.

 4Q  enables the user to specify the 
desired actuator set-point profiles and the 
costs associated with deviating from them. 
This tuning weight is typically used when 
there is a preferred actuator set-point av-
erage or a preferred shape for an actua-
tor beam. A common example would be 
to use this weight to minimize the average 
level of  rewetting by a rewet shower in the 
dryer section.

For each tuning parameter, the user 
can apply different weightings to different 
measurement zones or different actuators 
across the sheet width. 

The hard constraints are imple-
mented in the form of  matrices A and b 

in   )()( tbtUA
cH ≤∆ , where A is a constant 

block matrix and b is a time-varying block 
matrix that is updated with each control 
execution. The hard constraints taken into 
account for CD control are: 

• Maximum actuator set-points. 
• Minimum actuator set-points.
• Maximum actuator set-point changes 
between consecutive scans.
• Maximum first-order bending limit.
• Maximum second-order bending 
limit.
• Maintaining CD actuator set-point 
averages within specified ranges.

  3Q  and the three last hard con-
straints are unique to the CD process and 
are not found in the standard MPC for-
mulation. Please refer to [13] for a com-
prehensive description of  CD-MPC.

MISALIGNMENT DETECTION

Misalignment detection has attracted con-
siderable attention in both academia and 
industry. One on-line alignment diagnos-
tic technique uses a vector auto regression 
(VAR) representation of  the closed-loop 
CD responses [14]. This approach has

)()( tbtUA
cH ≤∆
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pattern that is dominated by high-spatial 
frequency components and resembles a 
picket fence. This phenomenon is well-
known symptom typically associated with 
CD alignment problems and occasionally 
related to very aggressive CD tuning.

Performance monitoring will auto-
matically trigger a closed-loop identifica-
tion test whenever the typical misalign-
ment symptom of  “actuator picketing” is 
detected. Optionally, after misalignment 
detection, performance monitoring can 
automatically smooth actuator set-points 
to mitigate the effects of  misalignment 
by reducing the undesired high spatial fre-

quencies in both actuator set-points and 
measurement profiles before calling the 
identification function. 

The identification function performs 
the active closed-loop identification test 
required to calculate the alignment pa-
rameters using an intelligent closed-loop 
PRBS (pseudo-random binary sequence) 
“probing test” which is optimized for 
process conditions. A matrix inversion al-
gorithm is used to extract the alignment 
parameters from the closed-loop data col-
lected during the “probing test”.

Compared to a traditional persistent 
open-loop “bump test”, an adaptive PRBS

been successfully implemented on a plas-
tic film extrusion process over five years. 
However, the technique has the limitation 
that it applies only to traditional CD con-
trol systems with an explicit closed-loop 
representation. Another scheme monitors 
the CD alignment in closed-loop mode by 
calculating the fitness (cross-correlation) 
between predicted and measured CD pro-
files [15]. An advantage of  this approach 
is that using the cross-correlation between 
prediction and measurement decreases the 
sensitivity of  the detection algorithm. The 
drawback is that the algorithm cannot dis-
tinguish a cross-correlation change caused 
by a process model change from one 
caused by an alignment change or a CD 
disturbance change. A third method uses 
the concept of  a local variability index 
(LVI) for on-line misalignment detection 
[16]. An LVI provides a more efficient 
index of  CD misalignment than a global 
CD variance. However, like the previous 
method, it would have trouble distinguish-
ing a CD disturbance change from a CD 
alignment change.

ADAPTIVE ALIGNMENT

Adaptive alignment works in coordination 
with CD-MPC to maintain the correct 
alignment between the zones of  an actua-
tor beam and the measurement locations 
at a downstream scanner. Adaptive align-
ment maintains the correct alignment by 
monitoring CD-MPC performance, iden-
tifying the alignment in closed-loop mode, 
and automatically deploying the alignment 
parameters with or without user interven-
tion. The adaptive alignment technique 
has been presented in [12]. 

The overall adaptive alignment logic 
is illustrated in Fig. 1.

The performance monitoring func-
tion provides baselining of  controller per-
formance and monitoring of  CD-MPC 
performance in real time. The objective 
of  performance monitoring is to evaluate 
the current CD-MPC performance con-
tinuously against a recorded performance 
baseline to detect rapidly the onset of  “ac-
tuator picketing”. Actuator picketing re-
fers to a specific actuator set-point profile

Fig. 1 - Adaptive alignment logic.
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probing test reduces the CD variation 
that is induced in the sheet during the ex-
periment. Another significant benefit of  
closed-loop identification is that normal 
process operation is not interrupted and 
process disturbances can be rejected by 
feedback control during the “probing test”. 

The schematic of  closed-loop iden-
tification using a PRBS “probing test” is 
shown in Fig. 2.

The objective of  the deployment 
function is to ensure that the alignment 
parameters calculated and validated by the 
Identification function are correctly de-
ployed to prevent any performance deg-
radation that may occur in the presence 
of  misalignment. If  the value of  a model 
validation qualifier is not sufficiently high, 
the identification test will be re-designed 
and then repeated for a user-defined 

number of  consecutive trials. The deploy-
ment function can also generate service 
requests (alarms) when the adaptive align-
ment solution is operated in a user-assist-
ed mode.

 
COMMISSIONING

The commissioning of  a CD-MPC con-
sists of  plant process model identification, 
multivariable controller tuning, and adap-
tive alignment setup. Identification and 
tuning are performed using the industrial 
tools presented in [1] and [2].

PLANT PROCESS MODEL 
IDENTIFICATION

The high-production (up to 50 T/hour) 
linerboard machine produces liner with a 
basis weight range of  115–275 gsm. The 
CD control system consists of  three ac-
tuator beams controlling dry weight and 
moisture. The headbox is equipped with 
dilution profiler actuators, steam shower 
actuators are installed in the press sec-
tion, and an Aqualizer™ rewet system is 
installed in the third dryer section.

The CD-MPC takes into account the 
interaction of  each actuator beam with 
sheet properties. An industrial identifica-
tion tool [1] is used to identify the plant 
CD spatial and dynamic models. The spa-
tial and dynamic impact of  the dilution 
profiler actuators on basis weight, dry 
weight, and moisture is shown in Fig. 3.

CONTROLLER TUNING

Once the plant process model has been 
identified, an industrial multivariable 
automated tuner [2] is used to determine 
the multivariable controller tuning 
parameters. Figure 4 shows the spatial 
tuning of  the CD-MPC, which is tuned to 
achieve optimal performance with respect 
to reduction of  moisture profile variability. 
The user can access fine-tuning knobs for 
setting the controller’s spatial robustness 
and adjusting the relative energy savings 
and relative picketing-prevention 
aggressiveness for each actuator beam 
before running the closed-loop simulation

Fig. 2 - Schematic of closed-loop identification using PRBS “probing test”.

Fig. 3 - Multivariable process identification results.



36 J-FOR    Journal of Science & Technology for Forest Products and Processes: VOL.2, NO.5, 2012

that automatically generates the spatial 
performance predictions. The spatial 
performance predictions are provided in 
terms of  average and two-sigma values of  
the initial (in green) and steady-state (in 
yellow) measured sheet properties and ac-
tuator set-point profiles.

The CD-MPC closed-loop final (in 
yellow) predicted performance in terms of

final two-sigma spreads depends on ac-
curate alignment specifications for all the 
dilution profiler’s 114 dilution valves with 
narrow (60-mm) zone spacing and all the 
Aqualizer™ rewet system’s 134 vortex air 
atomizing nozzles with very narrow (50-
mm) zone spacing.

The dynamic tuning for the CD-
MPC is shown in Fig. 5. The user can

access the fine-tuning knobs to adjust 
the desired controller recovery speed and 
the dynamic robustness for each actua-
tor beam before running the closed-loop 
simulation that automatically generates the 
predictions associated with dynamic per-
formance. The dynamic performance pre-
dictions are provided in terms of  recovery 
time, which is defined as the predicted 
length of  time, in minutes, for the control-
ler to remove 90% of  a process upset.

When the user is satisfied with the 
closed-loop performance in terms of  
steady-state and transient behaviour, the 
calculated tuning parameters can be easily 
activated for on-line use in the CD-MPC 
by pressing a tuning transfer button.

PERFORMANCE MONITORING

Once the CD-MPC has been tuned, the 
controller performance is baselined to 
determine the baseline spread values for 
both actuator set-points and measure-
ment profiles. Current spread values are 
calculated every end-of-scan and com-
pared against quality limits using a modi-
fied cumulative sum (CUSUM) detection 
algorithm. Performance baselining can be 
initiated by pressing the Start Baselining 
button. Closed-loop identification is au-
tomatically initiated whenever the cumula-
tive thresholds for actuator set-point pick-
eting and measurement-error controllable 
short wavelengths are exceeded.

Figure 6 shows the Performance 
Monitoring page for the dilution pro-
filer actuators, which has performance 
monitoring enabled and active. The base-
line and current-spread values for actua-
tor set-point picketing and measurement 
profiles are shown in the upper left-hand 
portion of  the page. The lower portion 
of  the page shows the current (in green) 
and baseline (in yellow) power spectra for 
dilution profiler set-points and dry-weight 
measurement profiles.

Current and baseline spread values 
are calculated relative to the controllable 
range of  the dilution profiler actuators as 
defined by the X3dB (461 mm) and the 
critical cut-off  wavelength Xc (247 mm), 
as shown on the right-hand side of  theFig. 5 - Multivariable CD-MPC tuning and dynamic performance predictions.

Fig. 4 - Multivariable CD-MPC tuning and steady-state performance predictions.
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power-spectrum plots. X3dB (mm) is 
defined as the wavelength where the CD 
actuator gain is reduced to 70% of  the 
maximum CD actuator gain. The critical 
cut-off  wavelength Xc (mm) is defined 
as the wavelength where the CD actuator 
gain is reduced to 20% of  the maximum 
CD actuator gain. 2Xa (mm) represents 
the two-times-actuator-spacing wave-
length, which for the dilution profilers is 
equal to 120 mm.

Performance is considered to be de-
graded and misalignment to be detected 
whenever the accumulated differences be-
tween the current spreads and their limits 
exceed the specified cumulative thresh-
olds.

IDENTIFICATION

Once performance monitoring has de-
tected that CD-MPC performance has 
degraded with respect to the accumulated 
excess between the current and baseline 
spread values, the closed-loop identifica-
tion test is automatically initiated without 
user intervention.

Figure 7 illustrates a color map of  
dilution profiler relative set-points during 
a closed-loop identification test. Here the 
relative set-points represent the difference 
between the absolute actuator set-points 
during the closed-loop test and the actua-
tor set-points before the test was initiated

(at scan #300). A set of  seven individual 
actuators distributed across the sheet are 
probed using a PRBS with a duration of  
80 scans (from scan #310 through #390). 
Note that unlike a conventional open-loop 
bump test, the closed-loop PRBS does not 
suspend the feedback control required for 
normal production operation.

Figures 8 and 9 show the dry-weight 
and moisture measurement profile color 
maps and illustrate the small variances in-
troduced by the PRBS during the identifi-
cation test.

Figure 10 shows the test results for 
the dilution profiler actuators displayed on 
the Identification page at the completion 
of  the identification test. Identification 
has calculated new alignment parameters 
using an alignment model based on non-
linear shrinkage. Note the large differ-
ence between the newly calculated overall 
shrinkage values and those currently used 
by the CD-MPC, which indicates a 1% 
net increase in the shrinkage. Such a sig-
nificant shrinkage increase in a typical pro-
duction sheet with a width of  6400 mm 
represents a 64-mm reduction of  the sheet 
width due to changes in drying conditions. 
This amount of  sheet reduction is wider 
than the actuator spacing for this type of  
dilution profiler (60 mm) and can lead to 
rapid degradation of  CD-MPC optimal 
performance. The calculated model fit of  
82.09% between the process data graph

(in green) and the alignment model graph 
(in yellow) indicates that the newly calcu-
lated alignment parameters are GOOD 
and safe for use by the CD-MPC.

DEPLOYMENT

Once the identification routine has calcu-
lated a valid set of  alignment parameters, 
the deployment function can automatical-
ly update these parameters with or without 
user intervention. 

Figure 11 shows the Deployment 
page for the dilution profiler actuators 
configured to operate in a user-assisted 
mode with the automatic-deployment-
enabled option turned off. In the user-
assisted mode, the user has the option to Fig. 6 - Performance Monitoring page with active detection for the dilution profiler actuator.

Fig. 7 - Color map of dilution profiler 
relative set-points during the closed-loop 
identification test.

Fig. 9 - Color map of moisture profile 
during the closed-loop identification test.

Fig. 8 - Color map of dry-weight profile 
during the closed-loop identification test.
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inspect the test results before updating the 
CD-MPC with the newly calculated align-
ment parameters and shrinkage profile (in 
yellow) shown on the graph depicted in 
the lower part of  the page. Note the larger 
amount of  sheet shrinkage that has oc-
curred towards the sheet edges (8% and 
14% for the front and back sheet edge re-
spectively) relative to the shrinkage in the 
middle of  the sheet (3%). The newly cal-
culated alignment parameters and shrink-
age profile that are rated by the Model 
Validation Qualifier to be GOOD can be 
safely deployed by pressing the Update 
Alignment button beside the shrinkage 
profile graph.

RESULTS

Multivariable CD control with adap-
tive alignment results has been evaluated 
across all production grades using 200 
scans of  high-resolution profile data (402 
data boxes at 16.8 mm) logged at a scan-
ning rate of  16 seconds. Figure 12 shows 
typical results for the heaviest and most 
challenging production grade, which has 
an average dry weight of  255 gsm. The 
two-sigma of  the high resolution dry-
weight profile, 1.04 gsm (representing 
0.41% of  the dry-weight profile average 
value of  254.9 gsm), is outstanding for this 
type of  process.

Figure 13 shows a typical average dry-
weight profile power spectrum and its cu-
mulative power spectrum. The top graph 
shows that all wavelengths within the 
controllable range of  the dilution profiler 
actuators have been effectively removed 
from the dry-weight profile. The control-
lable range of  the dilution profiler actua-
tors is defined as the set of  wavelengths 
longer than its critical cut-off  wavelength 
(Xc cut-off) of  247 mm. Therefore, the 
dominant short wavelength of  193 mm in 
the dry-weight profile is outside the con-
trollable range of  the dilution profiler ac-
tuators.

Figure 14 shows the average high-
resolution moisture profile and its stabil-
ity. The two-sigma of  the high resolution 
moisture profile, 0.25% (representing 
3.14% of  the moisture profile average 
of  7.97%), is outstanding for this type of  
process.

Figure 15 shows the typical average 
moisture profile power spectrum and its 
cumulative power spectrum. The top plot 
shows that all wavelengths within the con-
trollable range of  the rewet system actua-
tors have been effectively removed from 
the moisture profile. The controllable 
range of  the rewet system is defined as the 
set of  wavelengths longer than its critical 
cut-off  wavelength (Xc cut-off) of  137 
mm. Therefore, the dominant short wave-
length of  127 mm in the moisture profile 
is outside the controllable range of  the re-
wet system actuators.

CONCLUSIONS

The adaptive alignment solution for multi-
variable CD control has three major com-
ponents:

• Performance monitoring based on 
algorithms designed for early detection 
of  actuator picketing 
• An active closed-loop identification 
algorithm that is capable of  accurately 
extracting alignment parameters from 
production processes operating under 
feedback control
• A reliable model validation approach 
which enables safe deployment of  
alignment parameters without user in-
terventionFig. 11 - Deployment page showing the calculated non-linear shrinkage profile.

Fig. 10 - Identification page with a GOOD set of calculated alignment parameters.
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The results presented in this paper 
are based on a successful implementation 
of  a multivariable CD controller config-
ured with an adaptive alignment solution 
for two actuator beams (a dilution profiler 
and a rewet system), which is of  critical 
importance in achieving robust CD mois-
ture control in a high-production liner-
board machine. Since commissioning, the 
adaptive alignment system has continu-
ously monitored production performance 
with respect to both CD dry-weight and 
moisture profiles and has proactively up-
dated the multivariable CD controls with 
accurate alignment parameters and shrink-
age profiles across all production grades 
and operating conditions. No production 
losses due to controller performance have 
been reported since the adaptive alignment
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